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I 
ABSTRACT 
 
This thesis presents a new experimental technique to determine the structure of train 
slipstreams. The highly turbulent, non stationary nature of slipstreams make their 
measurement difficult and time consuming as in order to identify the trends of behaviour 
several passages of the train have to be made. The new technique has been developed in order 
to minimise considerably the measuring time. It consists of a rotating rail rig to which a 
1/50th scale model of a train is attached. Flow velocities are measured using two multi-hole 
Cobra probes, positioned close to the sides and top of the model. Tests were carried out at 
different model speeds. Velocity time histories for each configuration were obtained from 
ensemble averages of the results of a large number of runs (of the order of 80). From these it 
was possible to define velocity and turbulence intensity contours along the train as well as the 
displacement thickness of the boundary layer. Wavelet analysis was carried out on the 
experimental data to reveal details of the unsteady flow structure around the vehicle and 
obtain information on how the small scale turbulence within the boundary layer region is 
distributed along the different carriages. The rotating rail rig introduces however some 
problems such as the high curvature of the rig and subsequent need for a curved train, the 
existence of an ongoing airflow produced by the movement of the wheel and the train, and the 
difficulty to align the probes with the main stream of the flow, specially around the nose area, 
which affects the probe’s acceptance rate. Another issue is the considerable difference in 
Reynolds number between the model scale and full scale tests, which is apparent in the results 
when comparing full scale and model scale data, especially results showing boundary layer 
development and wake behaviour. It is concluded that, although this methodology introduces 
some problems the results obtained with this technique are in good agreement with previous 
model and full scale measurements.  
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II 
 
 
 
 
 
 
 
 
 
 
 
 
 
“I am an old man now, and when I die and go to heaven there 
are two matters on which I hope for enlightment. One is 
quantum electrodynamics, and the other is turbulent motion of 
fluids. And about the former I am rather optimistic”  
(Horace Lamb, 1932) 
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CHAPTER 1 
1. INTRODUCTION 
Due to the viscosity of air, a moving train drags the surrounding air with it, resulting in a 
highly turbulent non-stationary change in the local air velocity. This induced airflow, or 
slipstream, begins as the head of the train passes and continues all along the train (in the form 
of a boundary layer) until after the train has passed (the wake) (Temple and Johnson, 2003). 
The extent of the magnitude of the induced air velocities is highly dependent on the type of 
train, speed of travel and distance from the train (Pope, 2006). Also pressure variations 
resulting from the moving train’s flow field occur as the head and the tail of the train pass. 
Although the magnitude of these static pressure pulses are important in terms of the load 
exerted on structures close to the track, they are thought to occur too quickly to cause a person 
to lose his balance (Temple and Johnson, 2003). However, any object adjacent to the track, 
whether a structure or person, will be exposed to the slipstream and hence subjected to a force 
that is proportional to the square of the slipstream velocity which itself is proportional to the 
train speed. This poses a safety risk for passengers on platforms and trackside workers, and 
can cause problems for pushchairs and luggage trolleys on platforms.  
1.1  Current UK situation 
The Rail Safety & Standards Board (Pope, 2006; Figura-Hardy, 2007) summarized slipstream 
related incidents in the UK between 1972 and 2005 and found twenty four incidents involving 
flow induced forces mainly on wheeled items on station platforms (pushchairs, wheelchairs, 
trolleys) but also on passengers and their belongings. The highest risk comes from a freight 
train travelling at the upper end of its speed range, being ten times higher than the risk for 
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passenger trains (Baker et al., 2006). As summarized in Pope (2006) and Figura-Hardy 
(2007), incidents at platforms were mainly caused by freight trains and incidents at trackside 
were caused by both freight and passenger trains, as the exposure of the aerodynamically 
rough under-body produces a significant amount of additional turbulence resulting in higher 
local velocities and thus reducing differences between freight trains and other train categories 
(Baker et al., 2006). All these incidents were of low severity. However, on mixed railways, 
increasing train speeds (such as the new HS2 train in the UK (Rayney, 2011; Department of 
Transport, 2012), which will run at 350km/h compared to the current high speed train, the 
Class 390 Pendolino service running at 200km/h) can lead to an increase in passenger 
journeys (and therefore assumed passenger numbers on station platforms), which can also 
lead to an increased frequency of incidents at platforms and at trackside (Baker et al., 2006). 
1.2  Current test procedures 
A number of full scale and model scale tests have been carried out in the UK and elsewhere 
over recent years to measure the slipstream velocities and determine their effects on the 
station platform and at the trackside (Pope, 2006; Figura-Hardy, 2007). CEN EN 14067-4 
(2009) outlines test procedures for aerodynamics on open track for both model scale and full 
scale experiments. Material from CEN (2009) has been incorporated into the Technical 
Specification for Interoperability (TSI, (EU, 2008)) giving limiting values, which are being 
developed to allow trains to run across national boundaries in the EU.  
In this manner, according to the TSI (EU, 2008), for full scale tests, it is required that 
measurements be made at specific points on a platform and at the trackside for 20 train passes 
(following CEN (2009)). It is specified that the wind speed should be less than 2 m/s for each 
train pass, and that the train speed, for platform measurements, must be greater than 90% of 
the reference speed of 200 kph or of the full operational speed if this is lower than 200 kph 
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(for trackside tests, the reference speed is taken to be 300 kph). The maximum one second 
moving average velocity for each train pass is then calculated. From this ensemble of peak 
values, the mean and the standard deviation are then calculated. The value of the mean plus 
two standard deviations of the ensemble is then compared with a limiting value specified by 
the code. 
The current EU sponsored project AEROTRAIN (briefly described in Quinn et al. (2011)) 
focuses on the TSI as a route to harmonise national requirements and converge methods in 
current European Standards. Specifically it aims at closing "open points" (see Chapter 2, 
Section 2.2.2 for further details) and reducing the costs and time to obtain the authorisation 
for new or modified rolling stock to enter service (i.e. reducing the number of measurement 
locations). 
1.3  Current measuring methods 
As mentioned above, there are two current approaches to the measurement of train 
slipstreams, as presented in Sterling et al. (2008), – either at full scale through the use of 
trackside anemometry at different distances from the train which can measure the three 
components of wind velocity, or at model scale, i.e. the moving model rig at the TRAIN 
facility (more details given in Baker, Dalley et al. (2001)) that fires model trains along a tests 
track, with the slipstream and wake velocities being measured by stationary hot film 
anemometry close to the track. This type of experimental set up solves the problem of the 
ground effect introduced in wind tunnel testing, where the relative motion between the 
vehicles and the ground is not correctly simulated. In principle such tests (at full and model 
scale) can give all the required information for the assessment of passenger safety etc. 
However, it is found that in both of these test techniques there is very considerable run to run 
variability in the data that is measured (as would be expected, since each run will provide one 
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realisation of a very turbulent flow field) and that to obtain adequate results a number of 
identical tests need to be carried out (at least 10 and ideally 20) with the results being 
ensemble averaged to obtain mean and standard deviations of time histories (Johnson et al., 
2004; Baker, Dalley et al., 2001). Typical results from Baker, Dalley et al. (2001), obtained 
with 1/25th scale models on the TRAIN rig owned by DeltaRail in Derby, UK, are shown in 
Figure 1 for 5 individual runs and their average. The wide variability between individual train 
passages is apparent, but the ensemble mean can be seen to be well defined. Baker, Dalley et 
al. (2001) used such experiments to define the different flow regions around high speed trains 
– the upstream/nose region (for t<2), considered as two regions in Baker, Dalley et al. (2001), 
but as a combined region in what follows; a boundary-layer region (2<t<4), a near-wake 
region (4<t<10) and a far-wake region (t>10), where t is the dimensionless time defined in the 
figure caption. However, neither full scale nor model scale tests are straightforward to carry 
out. Clearly at full scale to arrange 10 to 20 passes of an identical train formation is 
logistically extremely difficult. In addition the ambient conditions should be the same in all 
tests, which at full scale are impossible to control. At model scale, tests are carried out within 
a controlled environment, and more runs can be done, but still it is only possible to carry out 8 
to 10 runs of the moving model rig (TRAIN facility) each day. In both cases obtaining the 
same train or model velocity over a number of runs, so that the ensemble average can be 
calculated is far from straightforward.  
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Figure 1. Model scale results for four carriage ICE train from the TRAIN rig from Baker, Dalley et al. 
(2001). The x axis shows time, t, normalised by vehicle velocity and train length, and y axis shows 
slipstream velocity normalized by vehicle velocity. The nose of the train passes at t = 0 and the tail at t = 4. 
1.4  New technique: The rotating rail rig.  
As shown in Section 1.3, the data obtained for each train type, operating speed and wind 
condition is usually sparse due to the random behaviour of the flow. Furthermore, the 
European Standards (Pope, 2006) state that to identify the trends of behaviour at least 20 
comparable samples (in terms of train type, speed and wind condition) are required at each 
measurement point. This implies the spending of a significant amount of money and time on 
an issue that is not even seen as a major hazard within the overall railway risk in the UK 
(Baker, Sterling et al., 2006). Therefore, there is a need to obtain this information more 
rapidly and at a considerably lower cost. 
This thesis presents a new technique that uses an experimental set up known as a rotating rail 
rig that in principle allows such tests to be carried out much more rapidly (see Section 3.1). It 
consists of a 3.61 m diameter rotating rail rig to which a 1/50th scale model of a four coach 
train is attached (as in earlier measurements – i.e. the moving model rig) see Figure 2.  
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Figure 2. Rotating rail rig and train 
Flow velocities are measured using Cobra probes (Turbulent Flow Instrumentation) at 
different positions from the model sides and top. Tests have been carried out at different 
model speeds of 7, 9.4, 14.2 and 16.5 m/s, the values being chosen as they were easily 
available and repeatable on the rig.  As can be seen in Figure 2, the train used in the rig is 
curved. The high curvature of the rig made it extremely difficult to take flow measurements 
around a straight train, so it was finally decided to use a curved train (see Chapter 3 for 
further details). Obviously, the rotating rig results will be affected by the curvature of the 
train, with the boundary layer being thicker on the convex side of the train than in the concave 
side (as explained in Section 2.1.3). However, on the other hand, the rotating rig introduces a 
great advantage over the current full scale and model scale techniques: Multiple train passes 
can be achieved very quickly (one per revolution of the rig) and thus, in principle, 
experiments can be carried out much more rapidly (i.e. for tests carried out at 16.5m/s, 80 
train passes can be achieved in under a minute). 
Experiments have been carried out on this rig in order to measure, analyse, study and 
understand the unsteady flow field induced around the train so that fundamental knowledge 
on slipstreams could be obtained. However, it would be useful to study further the effects on 
the results introduced by the curvature of the rig. In this way, a series of CFD calculations 
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(Computational Fluid Dynamics) have been carried out and validated using the experimental 
results obtained on the rig (Hemida et al. (2010), attached here in the appendix). The current 
rig set up, experimental configurations and conditions are described in Chapter 3. The 
experimental results are shown in Chapter 4. This chapter includes the slipstreams velocity 
contours along the train, the velocity dependency with train speed and distance of the probe 
from the train surface, the displacement thickness, turbulence intensities and surface pressure. 
Wavelet analysis of the different runs is also carried out in this chapter. Chapter 5 includes a 
comparison of the rig results with existing experimental data on similar ICE-type trains at full 
scale and model scale. A comparison with CFD (Computational Fluid Dynamics) data is 
carried out in Chapter 6. Finally, Chapter 7 presents the conclusions and recommendations for 
further work. 
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CHAPTER 2 
2. BASIC NOTIONS OF THE FLOW FIELD AROUND 
PASSENGER TRAINS AND ITS ANALYSIS 
The highly turbulent non-stationary nature of the induced airflow, or slipstream, resulting 
from the movement of the train, makes it necessary to look first at the cause of turbulent 
flows. Existing literature on the flow around trains, data analysis and CFD is then reviewed in 
order to gain a better understanding of passenger train slipstreams and their analysis. Section 
2.1 describes the structure of wall turbulent shear flow (the wall is introduced by the presence 
of the train) and examines the effect of wall curvature (introduced by the curvature of the 
train) on the flow. Afterwards, Section 2.2 sets out to investigate the overall flow-field around 
the train, in terms of the slipstream and wake characteristics. Section 2.3 describes the 
concept of wavelet transforms and explains why it is found that this is the most appropriate 
technique to obtain fundamental knowledge on the distribution of the energy of turbulence 
between the different frequencies that characterise the turbulent flow field around the train.  
Finally, Section 2.4 reviews the use of Computational Fluid Dynamics (CFD) in the 
investigation of turbulent flows. 
2.1  Turbulent Flow 
Hinze (1976) defined turbulent fluid motion as “an irregular condition of flow in which the 
various quantities show a random variation with time and space coordinates, so that 
statistically distinct average values can be discerned”. 
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2.1.1 Wall Turbulent Shear Flow 
Hinze (1976) defined wall turbulence as turbulence whose structure is directly influenced by 
the presence of a solid boundary, which in this case is the train.  
Before discussing the description of wall turbulence it is necessary to briefly recall the notion 
of boundary layer. When defining the boundary layer structure it is usually assumed that the 
body is stationary and the fluid flows around it.  Thus, to comply with the existing literature, 
the conventional description of the boundary layer development and structure is given in what 
follows. However it has to be noted that in the present investigation, the opposite situation 
takes place, as it is the train that moves displacing the air surrounding it. As described in 
Anderson et al. (2009), the molecules of the fluid moving close to the surface of the body will 
be affected by viscous forces and shear stresses. At the very surface, friction will attach the 
fluid molecules to it, creating the no-slip condition. Hence, the fluid presents zero velocity at 
the wall and then rapidly increases to the free stream velocity, ue. This layer corresponds with 
the boundary layer. The thickness of the boundary layer, δ, is normally defined as the distance 
from the surface where the flow velocity is 99% of the free stream velocity. Boundary layers 
can be laminar (layered) or turbulent (disordered) depending on the value of the Reynolds 
number (the ratio of inertial forces to viscous forces), Re= uel/ν, where ue is the free stream 
velocity, l is a characteristic length and ν is the kinematic viscosity of the fluid. For lower 
Reynolds numbers, the streamwise velocity changes uniformly (laminar boundary layer) and 
for higher Reynolds numbers, the flow is characterised by random, three dimensional motions 
of the particles (turbulent boundary layer).  
In the turbulent flow past a rigid body, two regions may be distinguished (Cebeci and Smith, 
1974): the inner and the outer regions. The thickness of the inner region is around 10-20% of 
the entire boundary layer thickness (δ) and can be divided into three layers: a viscous sub-
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layer (an extremely thin layer at the wall where the flow is predominantly viscous as the 
turbulent fluctuations, like mean velocities, become zero at the wall); a buffer region (flow 
partly viscous, partly turbulent with inertial effects of the order of the viscous effects; this is 
not a laminar-turbulent boundary layer transition); and a fully turbulent region (where the 
fluctuations give rise to the so called Reynolds stresses, see below, which dominate over the 
viscous effects that are now negligible). As stated by Duncan, Thom et al. (1970) in this 
region a wide spectrum of turbulence frequencies is found, with the larger low frequency 
eddies further away from the surface. These eddies extract energy from the mean flow passing 
it to the smaller eddies and the smallest dissipate energy as heat, due to the action of viscosity. 
The eddy shear stress reaches a maximum in this region; near the surface it is roughly 
constant and similar to the viscous stress in the viscous sub-layer. 
The outer region contains 80% of the boundary layer thickness. As the free stream is 
approached, the flow at a given point becomes intermittently turbulent and some similarity 
with free turbulent flow may be expected at that point. Therefore, the shear stress in this 
region is relatively low. 
The velocity profile definition in the inner region varies in the different sub-regions. Thus, in 
the viscous sub-layer, the dimensionless mean velocity, u+, distribution is given by the law of 
the wall (Equation 1) (Hinze, 1974): 
 u+= y+,    where     τu
uu =+
,  
ν
τuyy =+   and ρ
τω
τ =u
                                                 (1)    
here, uτ is the friction velocity, y is the length normal to the surface of the body, ρ is the 
fluid’s density, ν is the kinematic viscosity and τω is the wall shear stress for the viscous sub-
layer. 
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In the fully turbulent region the dimensionless mean velocity, u+, distribution is given by the 
Logarithmic Law, (Equation 2): 
( ) Byu
k
By
k
u +⎟
⎠
⎞
⎜
⎝
⎛
=+= ++
ν
τln1ln1                  (2) 
where k is the Von Karman constant and B is a constant. For a smooth wall, recommended 
values of the constants k and B are 0.41 and 5 respectively (Anderson et al., 2009). 
In the buffer layer, the velocity distribution is neither linear nor logarithmic. Figure 3 shows 
the different velocity profiles for the inner region of the turbulent boundary layer. 
 
Figure 3. Velocity profiles in the inner region of the turbulent boundary layer (Anderson et al., 2009)] 
In the outer region the mean velocity distribution is given by the velocity defect law 
(Equation 3), 
 
)(
δτ
yf
u
uue =−
,                                      (3) 
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where f(y/δ) is a function to be found empirically and ue is the velocity in the edge of the 
boundary layer. 
2.1.2 Flow governing equations. 
In the present investigation, an incompressible flow (i.e. constant density in response to 
stress) of a Newtonian fluid (for which the viscous stresses,τij, are proportional to the strain 
rates,εij, being the coefficient of viscosity, µ, the constant of proportionality) is considered. 
The motion in any realisation of an incompressible turbulent flow is governed by the mass 
continuity equation (Equation 4) and the momentum conservation equation (Equation 5), also 
called the Navier-Stokes equations (Pope, 2000).  These equations are presented here, in 
Cartesian tensor notation1, for a 2D incompressible flow for simplicity: 
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∂
∂
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Where 
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∂
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∂
=  is the total derivative and expresses the total change (expressed in 
terms of the local change, that would occur in the absence of any motion, and the convective 
change) of a variable in the Eulerian framework. Ui is the instantaneous velocity field, P is the 
static pressure, τij is the viscous stress tensor, τij=2µSij (for a Newtonian fluid) and Sij is the 
mean strain rate tensor, )(
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∂
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∂
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= . 
The left hand side of Equation 5 shows the change with time of the velocity in a unit volume, 
and the change due to a divergence in convective transport by the flow through the boundaries 
                                                
1 In Cartesian tensor notation, a general vector x is defined as x =(x1,x2,x3), where xi is the ith component of x. 
The index i may take any of the values 1,2 or 3. A quantity with two indices (e.g. i and j) is called a tensor and 
has 9 components (therefore it is a 3X3 matrix). As an example, in the stress tensor tij , i denotes the surface 
(perpendicular to xi) on which the stress acts and j marks the direction of the stress. Tij=[t11, t22, t33; t21,t22,t23; 
t31,t32,t33] 
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of the control volume2. The right hand side of the equation shows the action of the pressure 
gradient forces on the outside surfaces of the unit control volume, as well as the transfer of 
momentum per unit mass by molecular effects (which results in a stress). The Navier–Stokes 
equations are inherently nonlinear, time-dependent and three-dimensional PDEs (Partial 
Differential Equations).  
The above equations (Equations 4 and 5) apply to non-turbulent as well as turbulent flows. In 
order to show the turbulent motions and their interference with the mean motion, it is possible 
to carry out the Reynolds decomposition, in which the velocity field can be decomposed into 
its mean and fluctuation terms (Cebeci and Smith, 1974). In this way, the instantaneous 
velocity components (Ui) relative to the Cartesian axes (x,y,z) can be described as follows 
(Equation 6): 
'.iii uuU +=                                                    (6) 
where, ( iu ) are the mean velocities and ( iu ' ) are the disturbances, in Cartesian tensor 
notation. 
By substituting Equation 6 into Equation 4 and Equation 5, and taking the average of the 
terms appearing in the resulting equations (taking into account that the mean of this 
disturbance is zero, as all the positive values are cancelled by the negative values.), the 
required equations for turbulent flow are obtained. Thus the final mean continuity and 
momentum equation, or Reynolds-Averaged Navier-Stokes equations (RANS), are obtained 
in the following forms (Cebeci and Smith, 1974): 
0=
∂
∂
j
j
x
u
                         (7) 
                                                
2 A fixed region in space through which the fluid flows, used to study the masses and energies crossing the 
boundaries of the region. It is a mathematical abstraction. 
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It can be seen, that besides the well known terms referring to the mean motion, there occur on 
the right hand side of Equation 8 additional terms due to the turbulent motion. Comparing 
Equation 8 with Equation 5 it is possible to conclude that the turbulence terms, '' ji uuρ− , can 
be interpreted as stresses on an element of the fluid in addition to the stresses determined by 
the pressure and the viscous stresses. These turbulence stresses in Equation 8 are called the 
Reynolds stresses.  
As these terms are fluctuation terms that are at present impossible to relate correctly to the 
dependent variables in the equations, different models to represent them are sought. The most 
popular models (Duncan, Thom et al., 1970) are the Boussinesq’s eddy-viscosity concept 
(Equation 9) and Prandtl’s mixing length theory (Equation 11). Using Boussinesq’s theory, 
the Reynolds stresses caused by random turbulent motions are analogous to the viscous 
stresses arising from molecular motions. Therefore the transfer of momentum caused by the 
turbulent eddies is modelled with an effective eddy viscosity, µt. Prandtls’s theory defines the 
eddy viscosity in terms of a length scale, l1, along which a fluid particle will retain its initial 
values of velocity and vorticity before mixing with the surrounding fluid. 
Boussinesq’s eddy viscosity model: 
)(''
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uuu
∂
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=− µρ                                                          (9) 
where the positive scalar coefficient tµ  is the turbulent eddy viscosity.  
However, this expression implies that for i=j the turbulent velocity is zero (i.e. there is no 
turbulence!), as for the continuity equation, 0=
i
i
dx
ud . Therefore, this theory is usually 
expressed substituting the Reynolds stress by the deviatoric Reynolds stress: 
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where K is the mean turbulent kinetic energy, ''
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The mixing length theory states: 
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The unknown constant can be compounded with the equally unknown l12, so that we have 
j
i
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ji dx
ud
dx
udluu )(. 2'' ρρ =− ,                     (12) 
where l is proportional to the mixing length. It can be seen from Equation 11 that 
j
i
dx
udl 2ρ  
can be regarded as an effective viscosity coefficient, µt. However, the mixing length, l1, is 
unknown and must be determined. 
The Boussinesq’s hypothesis assumes µt to be isotropic, which is not strictly true. Only for 
simple shear flows, in which the mean velocity gradients and turbulence characteristics 
evolve slowly (following the mean flow), the hypothesis is more reasonable (Pope, 2000). 
Prandtl’s theory assumes that the diffusion and convection of turbulent energy are negligibly 
small, so that the turbulent energy generated locally is equal to the dissipation, whilst it is 
shown (Doshi and Gill, 1970) that the diffusion and convection terms in the energy equation 
are, in general not negligible. 
Although neither model bears close examination, they are the starting point for more detailed 
and comprehensive turbulence models. (Duncan, Thom et al., 1970; Cebeci and Smith, 1974; 
Hinze, 1975; Pope, 2000). 
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2.1.3 Curved flow 
Turbulent flows along curved surfaces with finite curvature can be classified as complex 
shear flows due to the appearance of an extra strain rate introduced by the wall curvature 
(Lakshminarayana, 1986). The streamline curvature in the plane of the mean shear produces 
large changes in the turbulence structure of shear layers. These changes may be more 
important in magnitude than normal pressure gradients, property variations, or other explicit 
effects in the mean motion and the turbulence correlation equations for curved flows.  
According to Bradshaw (1969) the effects of curvature on the mixing length or eddy viscosity 
are appreciable if the ratio boundary layer thickness (δ) - radius of curvature (R) exceeds 
1/300. For the model scale tests described in this thesis on a four carriage 1/50th scale ICE2 
train model it is expected that δ   will be around 40mm. If the rotating rig presents a radius of 
curvature, R, of around 1800mm, then δ/R=1/45. It thus seems the flow will be affected by 
curvature.  
Bradshaw (1969) stated that if streamlines of the mean flow are appreciably curved, energy 
may be transferred between the mean flow and the turbulent motion by simple mixing 
movements, in a way that resembles the transfer of energy by buoyancy forces in stratified 
flows. This analogy implies that the ordinary Richardson number (minus the ratio of turbulent 
energy produced by buoyancy forces to that produced by shearing forces), Ri (Equation 13), 
for stratified flow, has as equivalent in curved flow the parameter Rc (Equation 14). 
The Ri number is defined as follows:  
2)/(
)/(
yU
ygRi
∂∂
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−=
ρ
ρ            (13) 
where g is the acceleration due to gravity, ρ is density, y is a representative vertical 
lengthscale and U is velocity. 
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In curved flows, the ratio of the production of turbulence by centrifugal forces (‘buoyant’ 
production) to the ‘shear’ production is (Bradshaw, 1969):  
)1(2
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))((2
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Rc +=∂∂
∂∂
≅ ,           (14) 
where R is the radius of the streamline, y the independent variable measured normal to the 
surface, U is the component of velocity in the circumferential direction and 
y
U
R
US
∂
∂
=  is 
the curvature parameter of the mean flow.  
It is also important to bear in mind that as a result of the curvature of the train the flow field 
along the concave inner face and along the convex outer face of the train will be different as 
demonstrated by the tests carried out in blower tunnel rigs and curved channels by So and 
Mellor (1973); Meroney and Bradshaw (1975); Muck, Hoffmann et al. (1985); Hoffmann, 
Muck et al. (1985);Barlow and Johnston (1988); Gretler and Baltl (2000) and Kim and Rhode 
(2000). The same conclusion was achieved in experiments with rotating flows carried out by 
Taylor (1936); Townsend (1976) and Belotserkovskii (2004). The experiments along convex 
surfaces showed that the effect of convex curvature on the near wall turbulent flow is to 
suppress the outward diffusion of the turbulent kinetic energy (stabilizing) while the 
experiments along concave surfaces showed completely the opposite (destabilizing). It was 
also found that the wall-shear stress was larger on a concave surface than on a convex surface. 
These effects will be considered in the following sections. 
2.1.3.1 Convex surfaces 
A striking effect of convex curvature in a turbulent boundary layer, observed by So and 
Mellor (1973), was that the shear stress vanishes in a region where the velocity gradient is 
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still substantial. This seems to support the idea of a critical Richardson number ( 3.0≅cR ) 
beyond which turbulence cannot exist in a convex curved shear flow (So, 1975). 
The study for moderate curvature (δ/R~0.01-0.02), developed by Meroney and Bradshaw 
(1975), supports the above study and adds some other main characteristics of flow along 
convex surfaces: low rate of boundary layer growth, significant decreases in the turbulence 
intensities across the boundary layer and therefore decrease in mixing activity. The 
Logarithmic Law in the inner region of the turbulent boundary layer holds in a modified form 
(Equation 15, assuming that the velocity profile, u, in the inner layer is proportional to y1/5) 
along the surface so that mild curvature effects are reflected and the fact that a small change 
in curvature (1%) gives rise to a large change (10%) in integral properties (i.e. form 
Parameter3, H, and momentum thickness4, θ) of the flow field.  
( ) Cy
k
Ryu +=− ++ ln1)]/()3/5(1[ β          (15) 
where β is a constant to be found empirically (usually takes a value between 4 and 5 for 
concave walls and between 7 and 8 for convex walls (Bradshaw 1969, 1973)). 
The work of Meroney and Bradshaw was followed by Muck, Hoffmann et al. (1985), which 
showed that the effect of stabilising streamline curvature on turbulence structures is mainly a 
quantitative attenuation in intensity (tends to suppress the growth of turbulent activity 
(Holloway and Tavoularis, 1991; Gretler and Baltl, 2000)) rather than a qualitative change in 
large-eddy configuration. Furthermore, this attenuation takes place without producing large 
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θ , where ue(y) is the free stream velocity (velocity outside the boundary layer) 
and u(y) is the measured velocity within the boundary layer. 
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changes in turbulent structure parameters. In this way, the response of a turbulent boundary 
layer to a convex curvature is rather fast.  
2.1.3.2 Concave surfaces 
Taylor (1936); Meroney and Bradshaw (1975); Hoffmann, Muck et al. (1985) and Barlow and 
Johnston (1988) found that the main characteristics of concave curved shear flow are as 
follows: the height of the boundary layer is extended by the action of longitudinal rolls in the 
turbulent boundary layer induced by the concave surface. Mixing across the turbulent 
boundary layer is enhanced, bringing high momentum fluid closer to the wall (and expelling 
lower momentum fluid away from the wall), increasing the turbulent energy across the 
boundary layer and causing a significant increase in skin friction. The shear stress correlation 
coefficient, 
2/1
2'2''' )( jijiuu uuuuR ji = , remains large for an extended distance from the wall 
before diminishing. In particular τω’/ τω, the normalised r.m.s. wall shear is the same in the 
concave and flat cases, despite the strong influence of the large scale roll cells. Finally, the 
Logarithmic Law of the Wall appears to hold in a modified form (same as above for convex 
surfaces) when the span wise local friction velocity is used as the velocity scale. 
Hoffmann, Muck et al. (1985) confirmed that concave curvature can lead to the quasi-inviscid 
generation of longitudinal (Taylor-Gortler) vortices (Figure 4 gives a clear idea of the vortex 
pattern) that wander about preferred lateral positions (flow measurements show clear 
spanwise variations, as shown in Figure 5) and that significant changes in the turbulence 
structure are induced both directly by the curvature and indirectly by the vortices (the effect 
of curvature on the turbulent structure is more important than that of the vortices)  
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Figure 4. Yaw angle measurements with superimposed skin friction pattern, Cf, for reference.  
Measurements taken at a certain downstream distance, x.  y is the distance from the wall and z is the 
vertical distance. Here 10 <  z  < 14.5 in. (254 <   z < 368 mm). (Hoffmann et al. 1985) 
a)
 
b)
 
Figure 5. Mean velocity profiles. Inclined line is logarithmic law for a flat surface 
( ) 2.5ln
141.0
1
+= ++ yu . Upw, potential velocity; uτ, friction velocity; PSI, yaw angle;  U/Upw vs y; 
U/ uτ vs uτ y/ν . (a) x = 1050 mm, z = 305 mm. (b) x = 1050 mm, z = 343 mm. (Hoffmann et al. 1985) 
The overall effect of curvature on the mean velocity profile is to reduce the ‘wake’ 
component (the deviation from the logarithmic law) because an increase in turbulent mixing 
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implies a decrease in mean velocity gradient. The response of a turbulent boundary layer to a 
concave surface is rather slow. 
Alternatively, Barlow and Johnston (1988) stated that when the boundary layer entering the 
curve is free of spanwise non-uniformities (not the case of the above mentioned study where 
small disturbances were introduced far upstream, in order to fix the vortex structure, so that 
the primary effect of surface curvature on the turbulent structure could be distinguished from 
the secondary effects of the vortices) the flow is dominated by large eddies (inflows and 
outflows) and the effect of longitudinal vortices is small. These large eddies are quite 
unsteady, have a streamwise extent of only a few boundary layer thicknesses and do not cause 
significant spanwise variations in the mean properties of the boundary layer.  
2.2  Flow around Trains: Slipstream and wake  
2.2.1 The Slipstream 
The slipstream, or induced airflow that results from the movement of the train in the 
atmosphere, begins as the head of the train passes and continues until after the tail of the train 
has passed (the wake). The airflow is predominantly in the direction of train travel, although 
there are also lateral and vertical components (Temple and Johnson, 2003). As mentioned in 
Section 1.3, Baker, Dalley et al. (2001) identified a number of different flow regions: the 
upstream/nose region, where there is a sharp velocity peak and the flow is essentially inviscid 
and three dimensional with low turbulence levels; a boundary layer region (along the roof and 
inner and outer sides of the train, reaching equilibrium along the first carriage and growing 
steadily from there onwards); a near wake region (large flow disturbances); and a far wake 
region (gradual decrease of velocities). Baker, Sterling et al. (2004) developed a theoretical 
model of mean flow behaviour of train slipstreams for each of these four regions. The model 
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considered a potential flow model for the first region, boundary layer theory for the second 
region, wake decay theory of Eskridge and Hunt (1979) for the fourth region and linear 
interpolation between the second and fourth region to simulate the third region. In order to 
simulate also the unsteady behaviour of the slipstream associated with the turbulent nature of 
the flow (that is, the local variation of the slipstream velocity) an autoregressive model, AR, 
of the fluctuations was developed. In general an AR model (Equation 16) expresses the 
current value of time series (i.e. xt) as a finite, linear sum of a number of previous values of xt 
plus a white noise term (with zero mean and finite variance, σ2a):  
tit
p
i
it axx += −
=
∑
1
φ            (16) 
Where p is the order of the AR model, φi is the ith AR coefficient, and at is the white noise 
term (refer to Jordan 2008 for a complete explanation). As explained in Jordan et al. (2009) 
due to the time varying nature of the slipstream, in order to obtain the AR coefficient values, a 
process of trial and improvement was carried out. In this manner, the data was analysed in 
both the time and frequency domain: ensemble average wavelet spectra (see Section 2.3 for a 
description of wavelet analysis) of the data were compared to that of the simulated data. For 
full discussion see Jordan (2008). 
Sterling, Baker et al. (2008) gather together results from a number of model scale tests carried 
out by some of the authors (Baker, Dalley et al., 2001) and from full scale tests carried out by 
Deutsche Bahn, DB, (Schulte-Werning et al., 1999). The different flow regions mentioned 
above can be easily observed in the ensemble average of slipstream velocity results obtained 
from both model and full scale tests. Figure 6 shows the ensemble average results obtained at 
the TRAIN facility for a four carriage 1/25th model scale ICE train, with the measurements 
being made at half train height for different lateral distances (y) from the side edge of the 
Measurement and Analysis of Slipstreams for Passenger Trains                        N. Del Valle 
23 
train. The x axis shows an equivalent full scale value. Figures 7 and 8 show the results of full 
scale measurements for a 14 carriage ICE service train. Figure 7 shows the results for 
trackside measurements and Figure 8 shows measurements made above a platform. These 
figures are similar in form to Figure 6, although clearly the slipstreams extend over a greater 
distance. In all cases a nose peak and the boundary layer growth can be clearly seen. The 
trackside measurements, not surprisingly, show greater slipstream velocities than the platform 
measurements, which reflects the aerodynamically rough nature of the bogies and running 
gear. Perhaps the most obvious difference between the model scale results of Figure 6 and the 
full scale results of Figures 7 and 8 is the peak in velocity at the train tail. However, new data 
considered in Sterling, Baker et al. (2008) has revealed a large ensemble averaged velocity 
peak in the near wake region that was not apparent in the earlier work reported by Baker, 
Dalley et al. (2001), at least near the ground or platform surface. Sterling, Baker et al. (2008) 
show that the individual runs exhibited that this effect may be due to some sort of vortex 
shedding phenomenon. This intermittency implies that the ensemble averaging technique can 
be seriously misleading when applied to the near wake region, although the utility of this 
technique in other flow regions is apparent. 
 
Figure 6. Model scale results for a four carriage ICE train from the TRAIN rig (Baker, dalley et al., 2001; 
Sterling, Baker et al., 2008). The x axis shows the equivalent full scale distance along the train, and the y 
axis shows the slipstream velocity u normalised by vehicle velocity V. The nose of train passes at x=0m 
and the tail of train passes at x= 100m.  Measurements were made at half train height and at different 
lateral distances y from the side edge of the train. 
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Figure 7.Full scale results for an ICE service train – trackside measurements (from Sterling, Baker et al. 
2008). The x axis shows the full scale distance along the train, and the y axis shows slipstream velocity 
normalised by vehicle velocity. The nose of the train passes at x=0m and the tail of train passes at x= 
360 m Measurements were made at a height of 0.5 m above the rail, and at various lateral distances y’ 
from the rail edge. 
 
 
Figure 8. Full scale results for an ICE service train – platform measurements (from Sterling, Baker et al. 
2008). The x axis shows the full scale distance along the train, and the y axis shows slipstream velocity 
normalised by vehicle velocity. The nose of  the train passes at x=0 m and the tail of the train passes at x= 
360 m. Measurements were made at a height of  1.0m above the platform, and at various lateral distances, 
y, from the platform side edge. 
Such results are the basis on which an assessment can be made of the adequacy or otherwise 
of the results presented in this thesis. A comparison of model and full scale results with the 
results of the current investigation is carried out in Chapter 5. 
As the train passes, and even for a time after it has passed, a person standing on a platform 
can experience wind gusts originating from the train. The strength of the slipstream gusts 
depends mainly on the train speed; distance of the object, or observer, from the train; ambient 
wind speed and direction, and shape and surface finish of the rolling stock (Pope, 2006). 
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Therefore, peak gusts may occur at different positions along the train. In general, the highest 
peaks are found at the trackside where the flow is most influenced by the unshielded wheel 
sets (Sterling, Baker et al. 2008). Furthermore, the highest slipstream velocities will arise in 
different regions depending on the train type. Thus for freight trains the largest slipstream 
velocities are found in the boundary layer zone, while for high-speed passenger trains the 
largest velocities are generated in the near wake, as found in Sterling, Baker et al. (2008). 
Baker, Sterling et al. (2006) carried out a review of existing full-scale gust experiments and 
wind engineering literature on safe wind speeds and concluded that the maximum safe gust 
speed for pedestrians is around 15m/s. However they found that slipstream velocities of 20 to 
25m/s had been measured at designated positions of safety on the railways, and stated that this 
discrepancy is probably due to the coupled effect of different gust durations (the shorter the 
gust the higher the wind speed needed to blow a person over) and standing distances of people 
relative to passing trains (the closer to the train the higher the effect of the gust). Therefore it 
would seem that the short intense gusts generated by the passage of trains are less dangerous 
than the longer period gusts due to high wind conditions.  
2.2.2 Wake 
As mentioned before, the highest slipstream velocities are found in the near wake region for 
high speed trains. In order to better understand the flow behind the train it is necessary to 
examine the flow structures of the wake (made up by the near and far wake regions) of the 
train.  
2.2.2.1 Near wake 
In the near wake of the flow past bluff bodies, the flow conditions appear to be suitable for 
the existence of a region of absolute instability leading to regular vortex shedding. 
Measurement and Analysis of Slipstreams for Passenger Trains                        N. Del Valle 
26 
The unsteady flow phenomenon of vortex shedding has been mainly studied behind 2D bluff 
structures of the type of circular, square and rectangular cylinders (Bearman and Trueman 
1972; Griffin 1981; Bearman and Obasaju 1982; Lyn and Rodi 1994; Lyn, Rodi et al. 1995). 
These 2D tests are not realistic since vortex stretching (the lengthening of vortices in 3D fluid 
flow, associated with a corresponding increase of the component of vorticity in the stretching 
direction due to the conservation of angular momentum), the key mechanism of turbulent 
flows, is neglected here. However, they might be helpful to get a basic perception of the 
vortex phenomenon. Such is the case of the study carried out by Lyn and Rodi (1994), who 
developed a phase ensemble averaged study of the unsteady turbulent separated shear flow 
characteristics around 2D square cylinders and found that the flow comprises of  a central 
shear layer, bounded above by an upper layer where the transition to an irrotational free 
stream occurs, and bounded below by a high-turbulence-intensity reverse flow region, which 
is similar to the separated shear layers behind a high speed train model. 
In fact three dimensional structures are found in the wake of the flow past two dimensional 
bluff bodies at Reynolds Numbers of the order of Re=2500. As explained by Bearman (1997) 
this three dimensionality is characterised by vortex dislocation (it takes place when there is a 
spanwise variation in the frequency of vortex shedding and it is a means by which vortices of 
similar signs can connect with each other at a boundary between cells with different shedding 
frequencies), vortex looping (a vortex joins with one or more vortices of opposite sign on the 
other side of the wake) and oblique vortex shedding (vortices are shed at a small angle to the 
vehicle axis). At this Reynolds number, three-dimensionality is also related to shear layer 
instability and three dimensional motions associated with turbulence generated past the bluff 
body. However, the wake of a two dimensional bluff body is often dominated by transverse 
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vortices whilst the wake of a three dimensional body is dominated by streamwise vortices 
(Bearman 1997). 
Results on a passenger car presented by Bearman (1997) show that the near wake flow 
consisted of a large number of unsteady longitudinal vortex structures and weak transverse 
ones which were shed regularly from the base. 
Similar regions of instability may occur behind many complex three dimensional bluff body 
shapes, including a passenger train. In fact, in the slipstream study by Sterling, Baker et al. 
(2007), for both full scale and model scale ICE passenger trains, the measured slipstream 
velocity peaks showed an intermittent structure. This intermittency is consistent with some 
sort of periodic structure being shed from the rear of the vehicle and moving downstream 
(shedding is induced by a mismatch in the entrainment of fluid by the shear-layer and the re-
injection of fluid from the reattachment zone). Therefore, measurements of the near wake 
velocities depend on the stage in the shedding cycle that the flow is undergoing at that instant. 
This run to run variability makes the ensemble averaging technique in the near wake seriously 
misleading. This is also observed by Gilhome, Saunders et al. (2001) who noted that large 
scale shedding of vortices usually results in shear-layer flapping, which explains why CFD 
(turbulence models generally solve mean flow fields, see Section 2.4 below) and time-
averaged results on this region should be treated with caution. 
Baker (2001) states that the near wake in a high speed train model is characterised by a large 
scale flow recirculation immediately behind the vehicle bounded by separated shear layers 
form the model surface. Longitudinal unsteady trailing vortex structures moving away from 
the train centre line are also found in this region. These vortices originate from various 
features of the upstream body and may interact with each other around the body and in the 
near wake. These unsteady flow mechanisms can be discerned at a variety of frequencies. In 
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this way, Baker shows that the separated shear layers from the train surface have a 
characteristic non-dimensional oscillation frequency F = fh/V (where h is the height of the 
train, V is the vehicle speed and f is the frequency of the fluctuations) of around 0.5, within 
wide limits (this also holds true for other ground vehicles at model scale, such as lorries 
(Baker, 2001) and fastback cars (Bearman, 1997)). This oscillation decays along the wake, 
and a lower frequency F of around 0.03 becomes dominant (in the case of lorries, F is around 
0.05). This is associated with a characteristic frequency of the entire wake structure (for 
different types of ground vehicles: trains, lorries and fastback cars).  
To come to a clear understanding of the train wake flow phenomena, Schulte-Werning, Heine 
et al. (2003) showed results of the EU-funded research project RAPIDE for an ICE2 power 
car running in trailing position at up to 280 km/h for 1:1 scale conditions with Re 107. The 
authors used conventional unsteady RANS CFD techniques to study the forces on the tail cars 
of high speed trains and identified a steady near wake oscillation with the shedding of 
longitudinal vorticity from low levels in the rear of the train (see Figure 9). A well defined 
oscillation was found at a Strouhal5 number of 0.14.  
 
Figure 9. Cycle of the vortex shedding on the surface of the ICE trailing car. (Schulte-Werning, Heine et 
al., 2003) 
                                                
5 The Strouhal number is a dimensionless number describing oscillating flow mechanisms. St=fL/V. where f is 
the frequency of vortex shedding, L is the characteristic length and V is the velocity of the fluid 
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Sterling, Baker et al. (2008), after reviewing different full and model scale high speed train 
measurements and wake results, indicated the complexity of the wake flow, with the major 
unsteadiness at Strouhal numbers of 0.1-0.15 being dominant close to the ground, with other 
flow mechanism being significantly higher above the ground (0.5-1 in the case of the scale 
models for measurements at train mid height). 
2.2.2.2 Far wake 
The far wake is the region long after the train has passed. The flow is still disturbed by the 
passing train, but not as severely as in the near wake. As mentioned by Baker (2001), the far 
wake is defined by a gradual decay in wake ensemble–averaged velocities and standard 
deviations. It is important to note that whilst velocity measurements made nearest the train 
decay steadily, measurements made furthest away first increase and then decrease, showing 
the lateral spread of the wake (Baker, 2010). This effect can be seen in Figure 10 below, for 
model scale wake measurements on a 1/25th scale ICE2 train (Baker, Dalley et al., 2001). The 
x axis is defined as a dimensionless time, T = tV/h, where t is the time since the rear of the 
vehicle passed the measurement point, V is the train speed and h is vehicle height.	  
 
Figure 10. Wake measurements of a 1/25th scale ICE model (y is the distance from the train side, h is the 
train height) (Baker, Dalley et al., 2001) 
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In this region there is no sign of any instability due to the shear layer fluctuations and the 
majority of the fluctuating energy is at scales associated with an overall instability of the 
vehicle wake. The lower frequency oscillation is either associated with the mechanism of 
wake pumping, or with large-scale instability of the complete wake structure (Baker, 2001; 
Baker, 2010). 
Eskridge and Hunt (1979) developed a self similarity theory6 for the velocity deficit and 
turbulent energy fluctuations in the wake of vehicles. Later on, Eskridge and Thompson 
(1982) improved this wake theory, accounting for different length scales in the lateral and 
vertical directions (the same length scale was used in the previous theory) and using a non-
constant eddy viscosity. However, Baker (2001) found that the mean velocity profiles could 
be reasonably represented by the self preserving solution of Eskridge and Hunt, as long as 
appropriate constants were selected. In this way, Baker (2001) developed a model for the 
longitudinal, lateral and vertical velocities in this decaying wake. The expressions for the 
velocities (Equations 17 and 18) were simple algebraic functions governed by two parameters 
of the distance along and across the wake: 
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6 According to Hinze (1975) self preservation indicates that the turbulence maintains its structures during the 
development of the turbulent region in the downstream direction of the main flow.  In this manner, similarity of 
mean-velocity profiles in successive sections of the wake flow can be found in the downstream direction when 
these velocities are expressed in dimensionless form via a velocity scale (i.e. the maximum mean-velocity 
difference). Lateral distances are also made dimensionless with the local width of the turbulent region as a scale. 
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Here U, V and W are respectively the dimensionless wake velocities in the longitudinal, lateral 
and vertical directions. α is given by 1/γ, where γ is the dimensionless eddy viscosity, and λ is 
given by 1.61/γ0.5 CD0.5 for a vehicle with its height equal to its width, where CD is the vehicle 
drag coefficient. By fitting equation 17 to the measured slipstream data, it is possible to obtain 
the best fit values of α and λ. 
Figure 11 shows the best fit curves to the model scale ICE data. The model data is the 
effective dimensionless velocity measured by the hot wire probes at the side of the vehicle, 
which correspond with the vector sum of U (the velocity in the vehicle direction of travel) and 
V (the velocity normal to the direction of travel). The agreement can be seen to be good, and 
suggests that the wake velocities are self similar when expressed in a suitably dimensionless 
format. 
 
Figure 11. Best fit curves to wake velocities using the model of  Baker (2001). (a) y/h = 0.033, (b) y/h = 0.2, 
(c) y/h= 0.533 (Baker, 2010) 
2.2.3 Aerotrain Project 
As mentioned in the Introduction, the current European AEROTRAIN project focuses on the 
Technical Specifications for Interoperability as a route to harmonise national requirements 
and converge methods in current European Standards. Specifically it aims at closing "open 
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points" and reducing the costs and time to obtain the authorisation for new or modified rolling 
stock to enter service. 
The “open points” found in the TSI are briefly touched upon by Sterling, Baker et al. (2008). 
Firstly, there is the question as to whether the ensemble of one second maxima always 
contains samples taken from one region of the flow around the train (ideally the near wake 
region for high speed passenger trains) such that these samples can be considered to be part of 
the same statistical sample; secondly there is the question of whether a one second averaging 
time is wholly appropriate when determining whether or not a slipstream reaches dangerous 
levels as shorter period gusts of considerable energy (Jordan et al., 2009) could be filtered  
out; and thirdly, there is a concern that slipstream velocities may be significantly affected by 
ambient winds, an issue that is addressed by Quinn et al. (2011). 
AEROTRAIN has five technical work packages concerned with open air pressure transients, 
aerodynamic loads on the track, cross wind effects on trains, pressure transients in tunnels, 
and train slipstreams. The work in the slipstreams work package involves the following 
aspects, as described by Quinn et al (2011). 
• The collation of existing slipstream data from earlier projects – specifically material 
from UK tests carried out in the 1980s and 1990s (Figura-Hardy, 2007), and material 
from the RAPIDE project (Schulte-Werning et al., 1999, reported in Sterling, Baker et 
al., 2008).  
• Measurement campaigns on lines in Spain and Germany, to measure the slipstreams 
for a variety of high speed train and conventional train types.  
• The analysis of the data to determine a possible revised TSI methodology, i.e. to 
identify the magnitudes of slipstreams from different vehicles.  
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• The derivation of a methodology to assess single vehicles within trains with respect to 
their relevance / impact on the slipstream effects of a train set up.  
When complete the AEROTRAIN project will provide data on which revisions to the current 
CEN / TSI methodology can be based, which will result in a simplification of the 
authorisation procedure for new trains and for single vehicles. 
2.3  Data Analysis 
Hinze (1975) states that a turbulent motion is composed of various sized eddies that have a 
certain kinetic energy, determined by their vorticity or by the intensity of the velocity 
fluctuation of the corresponding frequency. In fact, the smaller the eddy, the greater in general 
the velocity gradient in the eddy and the greater the viscous shear stress that counteracts the 
eddying motion. Thus, in each turbulent flow, there is a statistical lower limit to the size of the 
smallest eddy; there is a minimum scale of turbulence that corresponds to a maximum 
frequency in the turbulent motion. A question which arises is how the energy of turbulence 
will be distributed between the frequencies. Such a distribution is usually called an energy 
spectrum.  
In order to establish the frequency content of the spectrum (to determine both the dominant 
modes of variability and how these modes vary in time), instead of applying the normal 
Fourier Transform (FT) to the turbulence components, Wavelet Analysis is used in the 
analysis of the present results obtained in the rotating rail rig.  
2.3.1 Wavelet Analysis vs. Fourier Transform 
A FT provides the spectral content of the signal, but it gives no information regarding where 
in time those spectral components appear. Therefore, a FT is not a suitable technique for non-
stationary signals. As mentioned previously the slipstreams are related to a highly turbulent 
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non stationary flow field and thus a FT does not seem very adequate. Furthermore, it relies on 
the assumption that the signal can be decomposed into sinusoidal components (periodic 
signals), which is not the case in the present investigation. Even the WFT (Windowed Fourier 
Transform) which enables the Fast Fourier Transform to be computed at each time using only 
the data within a window, cannot be applied. The main problem with the WFT is that at low 
frequencies there are so few oscillations within the window that the frequency location is lost, 
and at high frequencies there are so many oscillations that the time localisation is lost 
(Torrence and Compo, 1998).  
Wavelet analysis solves these problems by decomposing a time-series into time/frequency 
space simultaneously. 
2.3.2 Wavelet transform 
The wavelet transform is an inner product (or convolution) between an analysing wavelet at a 
given scale, s, and the signal to be analysed; therefore the wavelet coefficients combine 
information about both the signal and the wavelet. As shown in Valens (2004), in wavelet 
analysis a fully scalable modulated window is shifted along the signal and for every position 
the spectrum is calculated. In this manner, if the signal has a major component of the 
frequency corresponding to the current scale, then the wavelet transform coefficient computed 
at this point in the time-scale plane will be a relatively large number. This process is repeated 
many times with a slightly shorter (or longer) window for every new cycle. In the end the 
result will be a collection of time-scale representations of the signal (the scale being in a way 
the opposite of frequency), all with different resolutions (higher frequencies are better 
resolved in time, and lower frequencies are better resolved in frequency (Polikar, 2001). 
Wavelet transforms are broadly classified into the discrete wavelet transform (DWT) and the 
continuous wavelet transform (CWT). The principal difference between the two is the 
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continuous transform operates over every possible scale and translation whereas the discrete 
uses a specific subset of all scale and translation values. Following Farge (1992), for 
analysing purposes the continuous wavelet transform is better suited because its redundancy 
(given that the scaled functions that are shifted over the signal do not form an orthogonal 
basis) allows good legibility of the information content of the signal. For compression or 
modelling purposes, the orthogonal wavelet transform or the newly developed wavelet packet 
technique, are preferable because they decompose the signal into a minimal number of 
independent coefficients. 
The CWT was used by Torrence and Compo (1998) to analyse the El Niño-Southern 
Oscillation (ENSO) with excellent results and good statistical significance. They also 
developed a program (Torrence and Compo, n.d.) to calculate the continuous wavelet 
transform that was used later on by Baker, Dalley et al. (2001) to analyse the turbulent flow 
field around a 1/25th scale ICE train model and also by Baker (2001) to study ground vehicle 
wakes. Results from the last two experiments will be compared with results from the present 
investigation (Chapter 5). Therefore, only the CWT will be the focus of this investigation. For 
details on the DWT, please refer to (Farge, 1992; Valens, 2004; and Polikar, 2001). 
2.3.3 The Continuous Wavelet Transform 
The continuous wavelet transform of a time series, X, (with values of xn, at time index n and 
each value separated in time by a constant time interval δt) is defined as the convolution of xn  
(Equation 19) with a scaled and translated version, ψ (Equation 21), of the wavelet function, 
ψ0 (Equation 20). 
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where (*) indicates the complex conjugate. By varying the wavelet scale, s, and translating 
along the localised time index, n, it is possible to create a picture showing both the amplitude 
of any features versus the scale and how this amplitude varies with time. 
To be called a “wavelet” the analysing function has to satisfy the admissibility condition, 
which for an integrable function means that its average should be zero (Farge, 1992).  
As detailed in Section 4.5, in the current investigation, the complex valued Morlet wavelet 
function, ψ0 (Equation 19), is used. It consists of a plane wave modulated by a Gaussian 
envelope of unit width (Figure 12). 
241
0
2
0)( ηηπηψ −−= eeiw            (20) 
Whereψ0  is the wavelet value at non-dimensional time η, and w0 is wave number, which 
gives the number of oscillations within the wavelet itself. The Morlet wavelet is only 
marginally admissible because it is of zero average only if very small correction terms are 
added. In practice, if w0 = 6 is chosen, then the correction terms become unnecessary because 
they are of the same order as the typical computer round off errors (as explained by Farge 
(1992)). 
 
Figure 12. Morlet wavelet (black dashed) created from a Sine curve (gray) multiplied by a Gaussian 
envelope (black) (Torrence and Compo, 1998) 
 
This wavelet function is also called the Mother wavelet as it is from this one that the scaled 
and translated wavelets, ψ, are defined (Equation 21): 
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In this equation, the factor s-1/2 follows energy normalisation purposes so that the transformed 
signal has the same energy at every scale. As can be seen in Equation21, the scaling term, s, is 
used in the denominator, and therefore, scales s > 1 (low f) dilate the Mother wavelet, whereas 
scales s < 1 (high f) compress it.  
As mentioned in (Torrence and Compo, 1998), it is possible to carry out the wavelet 
transform using Equation 19, however, it is much simpler to use the fact that the wavelet 
transform is the convolution between the signal and the scaled wavelet, and to carry out the 
wavelet transform in Fourier space using the FFT.  Performing the wavelet transform in 
Fourier space assumes that the time series is periodic, however finite length data is being 
analysed, so errors will occur at the beginning and end of the wavelet power spectrum, 
(|Wn(s)|2).  As a solution, Torrence and Compo (1998) advise padding the end of the time 
series with zeroes before doing the wavelet transform, and removing them afterwards. All the 
steps to carry out the wavelet transform in Fourier space are detailed in (Torrence and Compo, 
1998) and summarised here: 
1. Choose a mother wavelet (ψ0(η)). 
2. Find the Fourier transform of the mother wavelet 
3. Find the Fourier transform of the time series, xn. 
4.  Choose a minimum scale (the smallest resolvable scale as a multiple of the time 
resolution, δt), and all other scales. 
5. For each scale: compute first the scaled wavelet, ψ; then normalise it by dividing by 
the square-root of the total wavelet variance, multiply by the FT of the time series and 
then inverse transform back to real space. 
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6. Make the contour plot. 
2.4  Computational Fluid Dynamics (CFD) 
CFD is the use of computational methods to generate flow simulations. The advantage of 
using CFD is its ability to provide flow velocity and pressure measurements at any point 
within the computational domain, rather than just at sensor locations.  
Although CFD simulations are out of the scope of this investigation, the paper on the LES of 
the actual rotating train (Hemida et al. 2010) and the possibilities that this technique 
introduces in the study of the flow around the rotating train (i.e. apply different radius of 
curvature to the rotating rig), make it worthy of a brief explanation.  
As mentioned in Section 2.1, the motion in any realisation of an incompressible turbulent 
flow is governed by the mass continuity equation (Equation 4) and the conservation of 
momentum equation (Equation 5), also called the Navier-Stokes equations (Pope, 2000). 
These equations are inherently nonlinear, time-dependent and three-dimensional PDEs 
(Partial Differential Equations), which may be solved with suitable models for turbulent 
quantities or by computing them directly. 
2.4.1 Turbulence models 
There are different simulation approaches to solve the flow (Pope, 2000) such as Direct 
Numerical Simulation (DNS), Large-Eddy Simulation (LES) and Reynolds-averaged Navier-
Stokes (RANS). 
Direct Numerical Simulation (DNS): all turbulent phenomena at all length and time scales are 
resolved by numerically solving the N-S and continuity equations. Even the smallest scales 
have to be resolved. This implies a prohibitively high computer cost (Gatski, Hussaini et al., 
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1996), since the time step and the grid space (see Section 2.4.2) have to be defined according 
to these smallest scales. 
Reynolds Average Navier-Stokes (RANS): The fluctuating velocity fields within the turbulent 
flow can be of small scale and high frequency, which means that they are too computationally 
expensive to be simulated directly in practical engineering calculations (www.ansys.com). 
Instead, the instantaneous (exact) governing equations can be ensemble-averaged to remove 
the small scales, resulting in a modified set of equations that are computationally less 
expensive to solve. Behind the averaging of the equations lies the Reynolds decomposition, 
whereby an instantaneous quantity is decomposed into its time-averaged and fluctuating 
quantities (i.e. in the case of the velocity field, 'iii uuU += ), see Section 2.1. By substituting 
the instantaneous velocity by its mean and fluctuating components in the governing equations 
(Equations 4 and 5) and taking the average of the terms appearing in the resulting equations, 
the mean continuity and momentum equations (Equations 7 and 8), or Reynolds-averaged 
Navier-Stokes equations (RANS), are obtained. Thus, the modified governing equations now 
express the mass and the conservation of momentum of the averaged motion. In these 
modified equations, additional unknown variables (Reynolds stresses, )( '' jiuuρ ) are introduced 
(see Duncan, Thom et al, 1970; Cebeci and Smith, 1974; Pope, 2000, for further details) and 
consequently, the modified governing equations do not form a closed set and require 
additional relations. This is the so called closure problem. The simplest such closure scheme 
is to express the Reynolds Stress tensor in terms of the mean velocity itself. This is the eddy-
viscosity representation proposed by Boussinesq and developed later by Taylor and Prandtl 
(Duncan, Thom et al., 1970; Hinze, 1976), as detailed in Section 2.1. 
Large Eddy Simulation (LES): Generally, LES decomposes the structures of the flow into 
large and small scales. The large motions of the flow are directly simulated (in a time-
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dependant simulation) while the influence of the small scale on the large scale motions is 
modeled. One could think of LES as applying DNS to the large scales and RANS to the small 
scales. The justification is that large eddies contain most of the energy, do most of the 
transporting of conserved properties and vary most from flow to flow; the smaller eddies are 
believed to be more universal, generally independent from what is happening on the larger 
scales, and should be easier to model (Gatski, Hussaini et al., 1996). Thus, the velocity field 
can be separated into a resolved and sub-grid part. The resolved part of the field represents the 
"large" eddies, while the sub-grid part of the velocity represents the "small scales" whose 
effect on the resolved field is included through a “sub-grid-scale model” (more details in 
Gatski, Hussaini et al., 1996). Therefore, it is essential to define a velocity field that contains 
only the large scale components of the total field. This is best done by filtering (Gatski, 
Hussaini et al., 1996), thus, eddies smaller than the size of the filter are removed. By using the 
kind of decomposition of the velocity field used in RANS modelling, i.e. writing the complete 
velocity field as a combination of the filtered field and a sub-grid scale field,  new unknown 
variables are also introduced in the modified governing equations: the sub-grid scale 
Reynolds Stresses (SGSRS). Sub-grid scale modelling is therefore needed in order to identify 
these SGSRS and achieve closure. By far the most commonly used sub-grid scale model is 
the Smagorinsky model. This is an eddy viscosity model that can be thought of as an 
adaptation of the Boussinesq concept of Equation (9) to the sub-grid scale. More details in 
Gatski, Hussaini et al. (1996) 
Figure 13 below shows the extent of modelling for each of the turbulence models defined 
above. DNS tries to solve numerically all time and length scales of the flow, which implies an 
overwhelming requirement for computer power. The rationale behind LES is that by 
modelling less of the turbulence (and resolving more), the error introduced by turbulence 
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modelling can be reduced (Pope, 2000).  However, the need to accurately resolve the energy-
containing turbulent eddies in both space and time domains which becomes most acute in 
near-wall regions, where the scales to be resolved become increasingly smaller, makes LES 
highly computationally expensive. Therefore, it is common to use RANS models instead of 
LES for their reduced computational effort and resources. However, inaccuracies must be 
accepted, as shown in the study developed by (Rodi, 1997). In this comparative study 
between RANS and LES calculations for high Reynolds complex flows (vortex shedding past 
a square cylinder and flow past a surface mounted cube), it was demonstrated that LES is 
more suited providing overall significantly better predictions. LES can also give information 
about the instantaneous flow that is out of the reach of RANS (Hemida et al., 2010). 
Technology advances are making LES more practical and less time consuming. In fact, LES 
has already been proven to be a reliable technique in prediction of the flow around simplified 
trains and bluff bodies (Hemida and Krajnovic, 2008; Hemida and Krajnovic, 2009; Hemida 
and Krajnovic, 2010). Furthermore, LES was used in (Hemida et al., 2010) to investigate the 
slipstream of the model train in the actual rotating rig used for experimentation in this study. 
Results of the simulation are compared to those obtained in the rig in Chapter 6.  
Another simulation approach to solve the flow is the one known as DES (Detached Eddy 
Simulation), which is a hybrid LES/RANS type of turbulence model. The general idea is to 
use LES where the grid is fine enough to resolve the largest eddies and to use RANS where 
the grid is too coarse. Thus, RANS is used close to walls and LES far from walls. Muld 
(2010) used DES to analyse the flow structures in the near wake of an Aerodynamic Train 
Model (ATM) and found that for the ATM the flow is dominated by two counter rotating 
vortices behind the train at St = 0.15, similar to the 0.11 value found by Sterling, Baker et al. 
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(2008) for full scale tests of a 14 carriage ICE1 service train and to the 0.14 value found by 
Schulte-Werning et al. (2003) for and ICE2 passenger train.  
 
Figure 13. Extend of modeling for different turbulence models (Sodja, 2007). 
2.4.2 Finite Volume Method 
CFD softwares, such as Ansys (Ansys Inc., 2009) normally employ the Finite Volume 
Method to solve the flow governing equations. In this method, the solution domain is 
subdivided into discrete control volumes (cells, elements) through a computational grid, 
where the variable of interest is located at the centroid of the control volume. Then, formal 
integration of the governing equations of fluid flow over all the control volumes (cells) of the 
solution domain is carried out. Finite difference type approximations are introduced to replace 
each integrated equation by a set of linearised algebraic equations written, therefore, in terms 
of discrete nodal values of the dependent variables. These algebraic equations that represent 
the balance of fluxes of various flow variables across the finite control-volume faces are then 
solved by an iterative method to calculate the flow field. This method guarantees global 
conservation, as well as boundedness and transportiveness, of the fluid properties for the 
entire domain. Further details can be found in Majumdar et al. (1992), Versteeg and 
Malalasekera (1995) Pope (2000) and Basara (2000). 
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CHAPTER 3 
3. APPARATUS AND ANALYSIS TECHNIQUES. 
3.1  The rotating rail  rig 
The rotating rail rig consists of a 3.6 m diameter rail on a frame that can be rotated at up to 
118 r.p.m., which corresponds to a rail speed of 22 m/s, see Figure 14. It was originally 
designed so that standard rail sections could be mounted on the frame to enable investigations 
into the removal of accreted organic matter using novel laser based techniques (Higgins, 
2003), and has since been used to investigate conductor shoe icing with a stationary conductor 
shoe held above the rotating rail whilst the temperature was lowered to below freezing 
conditions.  
a) 
 
b) 
 
 
Figure 14. Rotating rail rig. a) In its original form, b) Rail schematic showing main dimensions (in 
meters). 
 
In the current investigation a 1/50th train model was fixed to the rotating rail via a clamp and 
a bolt (two sets in each carriage), so that they both moved as a whole. In order to reduce the 
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turbulence arising from the rotation of the wheel, as well as to provide a ground plane over 
which the train moved, a wooden platform with a circular slot slightly bigger than the rail was 
positioned above the rig.  The gap between the train and the platform was closed with 
brushes. The rig set up and rig components are shown in Figure 15. The most important 
aspect of this rig is of course that multiple train passes can be achieved very quickly (one per 
revolution of the rig) and thus experiments can be carried out much more rapidly than with 
the current full scale and model scale techniques. 
a)
 
b)
 
Figure 15. Rig set up a), and rig components, b), for aerodynamics experiments showing the wooden 
platform and the slot through which the train passes. The probes are located at either sides of the train. 
The train is formed of 4 carriages and its curved shape can be appreciated. 
                                   
3.2  The train model 
The train model has undergone significant changes in order to provide the best flow 
measurements possible. The preliminary experiments that were carried out used an existing 
1/40th scale four-carriage train model. The problem that emerged was that the length of the 
train carriages (about 50 cm) was relatively large in comparison to the radius of curvature of 
the rig, and thus there were sharp discontinuities in train orientation at the end of each 
carriage. Also, the cross section was not constant along the train, so there was a significant 
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variation in the probe measurement position from both the train top and sides. To tackle these 
problems, it was decided to construct a “curved” train so that measurements were provided 
along curved lines next to the vehicle. In addition, this new train was designed as a simplified 
1/50th scale ICE2 train (Figure 16), so that results could be compared to those obtained at the 
TRAIN rig (Baker, Dalley et al., 2001), where a 1/25th scale four-coach ICE2 train model 
was employed. Obviously, the rotating rig results will be affected by the curvature of the 
train, with the boundary layer being thicker on the convex side of the train than in the concave 
side, as explained in Section 2.1.3. 
a)
 
b)
 
Figure 16.  Train model. a) Dimensions at rail centerline. b) Plan view of the model. All dimensions in 
mm. 
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3.3  The probes 
The slipstream and wake velocities were measured using stationary Cobra probes (provided 
by Turbulent Flow Instrumentation P/L). Whilst other types of flow instrumentation, such as 
Laser-Doppler Anemometry (LDA) and Particle Image Velocimetry (PIV), have been used in 
wind tunnel testing (Lawson et al., 2006) these are not necessarily suitable for wake flow 
measurements of model passenger vehicles due to the low rate of data capture when air is the 
working fluid (Shaw et al., 2000) and are not particularly suited to moving models testing. 
Hot wire anemometers overcome many of the limitations of LDA and PIV, but it seems (De 
Guzman, Fletcher et al., 1994; Mousley and Watkins, 2000; Watkins et al., 2002) that multi-
hole pressure probes provide the benefits of the former, while being robust, requiring little 
calibration and introducing a 3-component velocity measurement system (at speeds from 
2 m/s up to 100 m/s with an accuracy of measurements generally within ±0.5 m/s (Turbulent 
Flow Instrumentation Pty Ltd, n.d.)) able to provide local pressure away from the surface and 
offering a reasonably high frequency response (can carry out flow measurements at 
frequencies of more than 2 kHz), making them ideal to study highly turbulent flow fields 
(Watkins et al., 2002), like those around different types of full and model scale vehicles, as 
seen in Mousley and Watkins (2000), Gilhome, Saunders et al. (2001) and Quinn et al. 
(2010). The Cobra Probe remains relatively accurate to greater than 30% of the turbulence 
intensity (Turbulent Flow Instrumentation Pty Ltd, n.d.) 
Two Cobra probes were positioned in the inner and outer side of the train. The probes were 
mounted on a support (which allowed for yaw and pitch angle rotation as well as 
displacement along the vertical and horizontal-radial axis, see Figure17 for probe angles and 
axes) fixed to the ground (and thus isolated from the mechanical vibrations caused by the 
rotating rail rig itself), as seen in Figure 18. 
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Figure 17. Probe angles and axes 
a)  
 
 
b) 
 
Figure 18. Probe support. a) rig set up, b) schematic drawing (dimensions in mm) 
 
The probe’s reference pressure port was vented to a location out of the flow , 2 m away from 
the testing area (via a 50 cm silicon tube inside a funnel fixed to the wall), so that pressure 
fluctuations did not interfere with the measurements. The possibility to position the probes at 
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different heights and distances from the train lateral and top surfaces, allowed a 
comprehensive study of the flow around the train to be carried out.   
The principle of operation of the probes is to relate, via calibration tables, the ratios of the tap 
pressure fields detected at four 0.5mm pressure tap locations (see Figure 20) on the faceted 
head (connected via tubing to pressure transducers in the body of the Probe) to the magnitude 
of the instantaneous local velocity vector, the flow yaw and pitch angles and the instantaneous 
static pressure (Turbulent Flow Instrumentation Pty Ltd, n.d.). Data processing is performed 
by the included Device Control software. 
Probes are supplied fully calibrated and ready to use.  The transducers are very stable over 
time with typical calibration checks showing less than 0.1% change over 1-2 years (Turbulent 
Flow Instrumentation Pty Ltd, n.d.). A static calibration can be performed, in which a range of 
known pressures are applied to the probe’s reference pressure port. However, no calibration 
was performed as the required tubing needed to connect the reference pressure port at the 
back of the probe to the device applying the known pressure needed changing in diameter 
considerably as the reference pressure port is of a very small diameter, 0.5 mm. This 
procedure was deemed impossible with the available equipment. Therefore, it was decided to 
check the probes against one another and check for any major inconsistencies. As shown in 
Figure 19, for measurements taken at train mid height (z = 0) and at 0.25 m equivalent full 
scale distance from the model outer side,  the ensemble averages of the slipstream velocities 
captured by both probes were very similar. In order to quantify the difference between both 
ensembles it was decided to calculate the root mean square value (rms) of both sets of data, 
)(1 222
2
1 nrms yyyn
y +⋅⋅⋅++=  (n is the length of the series). It was found that for probe 1, the 
rms value of the ensemble was 0.135 whilst for probe 2 it was 0.137, a difference of 1.48%. 
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Figure 19. Probes comparison. Ensemble average of slipstream velocities measured at train mid height 
(z=0) and at y=0.25m from the model side 
The calibrated range of the probe falls within a cone of ±45° of the probe x axis, see Figure 
20. Thus, only flows whose direction resides within this ±45° cone are accepted (Turbulent 
Flow Instrumentation Pty Ltd, n.d.). Any other flows are rejected and measurements register a 
zero value of the flow velocities. The probe software includes a ‘Percent Good Data’ indicator 
that shows the percentage of samples that are within this ±45° calibrated range of the probe, 
and therefore acceptable. A percentage below 80% indicates that a good proportion of the 
data being sampled is not within the calibrated region of the probe. Percentages below 60% 
indicate a very low data acceptance rate. To improve the percentage of data in the calibrated 
region, the probe has to be pointed as close as possible to the mean flow direction (the display 
of the mean pitch and yaw angles helps to determine when the probe is best orientated as the 
mean pitch and yaw should both tend towards zero). In the present investigation, it was very 
difficult to place the probe so that it was continually facing the mainstream of the flow as the 
direction of the flow in the nose area varied in respect to that along the train and that of the 
wake. Therefore, some data was rejected as it fell beyond the ±45° cone of acceptance, 
especially around the nose area. In fact, looking at the individual laps within a given run, it 
was observed that the acceptance data percentage of the overall flow field was very low, 
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around 45-55% depending on the lap under consideration. As might be expected, carrying out 
the ensemble average of the 80 laps helped reduce the rejected data considerably being then 
only appreciable in the nose region of the flow (see Section 3.5 for further details). 
Another factor influencing the data acceptance rate is the range of measured velocities. 
Taking into account that the probes performance range is from 2 m/s to 100 m/s and that the 
velocities that were being considered were 7, 9.45, 14.2 and 16.5 m/s (when the train passed 
but then considerably less as the train moved away from the probe) and considering as well 
the distance at some points of the probes from the train surfaces, it seems that the probes were 
working very close to their lower velocity limit for much of the test. The higher the 
train/wheel velocity the more data is accepted and the clearer the results (velocity traces) 
obtained. However, the maximum velocity allowed for the experiments was of 16.5 m/s, as 
velocities above 16.5 m/s endangered the stability of both the train and the structure mounted 
around the wheel. 
 
Figure 20. Cobra probe cone of acceptance and head detail. Flow direction must reside within 45+− of the 
probe x axis. (www.turbulentflow.com.au/downloads/Cat_CobraProbe.pdf) 
 
 
Chen, Haynes et al. (2000) identified six different types of measurement errors that arise from 
using the probe: uncertainties in the calibration and transfer functions (see Hooper and 
Musgrove (1997) for a detailed definition of the latter), velocity gradients across the probe tip, 
blockage effect of the probe tip and the stem, wall vicinity effect, high turbulence levels in the 
 Measurement and Analysis of Slipstreams for Passenger Trains                            N. Del Valle 
51 
flow and probe misalignment. In the present case of study, the different flow directions that 
take place along the train, made it very difficult to position the probe so that it was continually 
facing the main stream of the flow, inducing a misalignment error especially around the nose 
of the train, where the flow direction was almost perpendicular to the direction of travel, 
whilst the probe was positioned parallel to it. Wall vicinity effects might be present for the 
closest measuring point at the side of the train (3 mm) as it was less than two probe diameters 
(2.6 mm) away from the wall. The errors of calibration and turbulence were rejected by the 
software of the probe itself, and the error of blockage effect was expected to be negligible. 
Electrical noise was present with a signal to noise ratio (SNR7) of around 22Db. In order to 
reduce the noise, Matlab filtering (Butterworth filter, see MathWorks, Inc. (2008)) at 1 kHz 
was carried out after data collection.  
3.4  Analysis techniques 
In order to get measurements every 1-3 mm along the train in the x direction (0.05-0.15 m full 
scale equivalent, scaled on typical full scale and model scale speed measurements), depending 
on the train speed, sampling frequencies of 3 kHz were adequate. In order to avoid signal 
aliasing, the acquisition rate was set to 10 kHz and the output rate was set to 6 kHz. As 
mentioned before, 4 carriages of the 1/50th model scale train were used (with an average full 
scale length, L, of the four cars, allowing for the inter-carriage gaps, of 26 m).   
The raw probe binary data files were converted to plain text files by using the Time History 
File Conversion utility provided by the probe software. Each text file corresponded to one 
run, of 80 laps, at a given distance from the train side or top and at a given wheel/train speed. 
                                                
7 SNR is the power ratio between the signal (meaningful information) and the background noise (unwanted 
signal) and is often expressed using the logarithmic decibel scale. SNR = 10log10(Psignal/Pnoise) = 20 log10 
(Asignal/Anoise), where P is average power and A is the root mean square value.  
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The file included all three components of velocity and the static pressure of the flow field for 
each sampling position.  
A position sensor that gave an impulse signal every time the nose of the train passed was used 
in order to identify the train slipstreams within the signal. Matlab codes were then developed 
to align the different laps with the different pulses, establishing in that way the nose of the 
train as a common origin. It was then possible to create the ensemble-average mean velocity 
and ensemble-average standard deviations time series. Normalised velocities and standard 
deviations were also formed by dividing by train speed.  
Using Matlab the effect of the train speed was assessed, as well as the spatial variation of 
velocity and a comparison between flows on the inner and outer surfaces of the train was 
carried out.  Velocity and turbulence intensities contours at different cross sections along the 
train were also obtained. It was also possible to study the boundary layer displacement 
thickness at different cross sections along the train and the pressure distribution along the 
train. The frequency content of the probes readings (to determine both the dominant modes of 
variability and how those modes vary in time) and the wake structure of the flow field were 
studied using wavelet transforms (Torrence and Compo, 1998). All results are given in 
Chapter 4. 
3.5  Tests. 
As in previous studies (Baker, Dalley et al., 2001; Sterling, Baker et al., 2008) the coordinate 
system used is such that the x-axis follows the train direction of travel (as an individual sees it 
from the platform edge), with the origin taken to be when the nose of the train passes the 
measuring point (as indicated by the pulse shown in the position sensor placed on one of the 
four legs that sustain the wheel.). The y-axis is in the horizontal plane perpendicular to the 
track, with the origin taken at the train side edge and positive outwards from the train. The z 
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axis is vertically upwards, with its origin at train mid height (1.5 m above the ground plane). 
These definitions are consistent with previous work (Baker, Dalley et al., 2001; Sterling, 
Baker et al., 2008). However it is not wholly satisfactory and in some places in what follows a 
different y axis system will be used (y*) with the origin at the train centre line. Taking into 
account the rig presented here is circular, then the x and y axis are tangent and perpendicular 
to the rail respectively.  Note that all lengths from now on will be given as equivalent full 
scale values. 
For side measurements, one probe was located in the inner concave side of the train and the 
other one on the outer convex side of the train (as shown in Figure 20). Measurements were 
taken at full scale equivalent distances of y = 0.15, 0.25, 0.5, 0.75, 1, 1.5 and 2 m from both 
train lateral surfaces. For roof measurements, the two probes were placed symmetrically at 
distances of y* = 0.5, 1, 1.25, and 1.5 m from the train centre line so that the whole train 
width was covered. From there, measuring points would follow the lateral positions 
mentioned before for the side measurements. Equivalently, taking into account that z = 0 
corresponds to train mid height, side measurements along the z-axis were taken at full scale 
values of z =-1, -0.5, 0, 0.5, 1 and 1.5 m. Similarly, top measurements were taken at z = 2, 
2.25 and 2.5 m. In this way, a grid of measuring points was defined around the train, as seen 
in Figure 21 below. 
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Figure 21. Measurement points around the train.  The y-axis shows train lateral distance from the edge of 
the train and the y* axis shows train lateral distance from train centerline. The z-axis shows vertical 
distance from train mid height. 
 
Experiments were carried out at wheel (or train) velocities of 7, 9.45, 14.2 and 16.5 m/s. As 
stated in Section 3.2, velocities above 16.5 m/s endangered the stability of both the train and 
the structure mounted around the wheel, so this was the maximum velocity that could be 
achieved. Note that in general the overall velocity magnitude, except around the nose and tail 
of the train, was very close (to within 2%) to the magnitude of the longitudinal velocity 
component (the lateral and vertical components were negligibly small, not even reaching 0.08 
of the train speed, and therefore staying well below the performing range of the probe). Thus, 
velocities presented in this paper are given in terms of the longitudinal velocity component. 
By doing so, the nose and wake peak are underestimated as the flow in these areas is highly 
three dimensional and all velocity components should have been considered.  However, it was 
especially difficult to quantify the nose peak errors as the rejected velocities (due to the flow 
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direction being out of the ±45° cone acceptance range of the probe) took place all around the 
train nose peak, for either ensembles (vtot/V and u/V). For 65% of the measurement points, the 
rejected velocities (seen as zeros in the velocity ensemble average) were found before and 
after the train nose peak (Figure 22(a)). It was found that the nose peak error would vary 
considerably from one measurement point to another, taking values from 5% up to 55%. In 
the case of Figure 22(a), for measurements taken at train mid height and 0.25 m from the 
model outer side, the nose peak error derived from using the longitudinal velocity component 
instead of the total velocity in the ensemble average was found to be 42%.  
For the remaining 35% of the measurement points, it was impossible to quantify the nose 
peak error as the rejected velocities included the nose peak itself, as shown in Figure 22 (b) 
for measurements taken at train mid height and 0.75 m from the model outer side. 
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a) 
 
b) 
 
Figure 22.Comparison of train slipstreams ensemble average velocities given in terms of the total velocity 
or the longitudinal velocity component. a) measurements taken at train mid height, z=0 m, and y= 0.25 m 
from the train outer side. b) measurements taken at train mid height, z=0 m, and y=0.75 m from the train 
outer side. 
In terms of the wake peak error, no rejected velocities were found in the wake area after 
carrying out the ensemble average of the 80 laps. All measuring points showed a greater value 
of the wake peak when the slipstream velocities ensemble average was given in terms of the 
total velocity, instead of the longitudinal velocity component. Different wake peak errors 
were found for different measuring points, with values ranging from 6-33%.  However, these 
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results should be handled with care. As detailed in Sterling, Baker et al. (2008), the main 
source of uncertainty in this area comes from the ensemble averaging technique itself, as the 
velocity measured in the near wake region (particularly the cross flow velocity) depends 
crucially on the phase of the vortex shedding cycle as the measuring instrument is passed . 
Taking all this into account it was decided to keep the slipstream results given by means of 
the longitudinal velocity component, as the results given in terms of the total velocity still 
present rejected data all around the nose area, and the wake peak value is purely nominal.  
It was also decided to remove in what follows the rejected velocities from the slipstream 
results so that a clearer picture was obtained (as detailed in Section 3.4). 
As mentioned before, to obtain adequate results a number of identical tests needs to be carried 
out (at least 10 and ideally 20) with the results being ensemble averaged to obtain mean and 
standard deviations of time histories (Johnson et al., 2004). Taking advantage of the capability 
of the rig, 80 laps were ensemble averaged. To check the repeatability of the measurements, 
the experiments were done three times (that is, three runs of 80 laps each) at same train speed 
and at a fixed measurement point. The root mean square value 
(rms), )(1 222
2
1 nrms yyyn
y +⋅⋅⋅++= , of the different run ensembles was found for a given 
number of laps in order to quantify the difference between the ensembles. It was found that 
with 20 laps the slipstreams velocity results would clearly differ from each other (Figure 
23(a), with a rms value of 0.1687 for run 1, 0.1701 for run 2, and 0.1603 for run 3), with 40 
laps the difference between the run ensembles was still noticeable (Figure 23 (b), with a rms 
value of 0.1595 for run1,  0.1654 for run 2 and 0.1609 for run 3), with 60 laps this difference 
was diminished (Figure 23(c), with a rms value of 0.1611 for run 1, 0.1622 for run 2 and 
0.1598 for run 3) and with 80 laps, results were practically the same (Figure 23(d), with a rms 
value of  0.1608  for run 1, 0.1613 for run 2 and 0.1601 for run 3). For comparison purposes, 
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as different train velocities were tested, the ensemble mean velocity and standard deviations 
results were normalised by train speed. With this normalisation, the effect of the model speed 
was not significant, as shown in Section 4.2.  
As mentioned in Section 3.4, the data acquisition rate was set to 10 kHz to avoid signal 
aliasing with the output rate set to 6 kHz, so that measurements were provided every 1-3mm 
along the train, depending on the train speed.  
In order to reduce the noise, Matlab filtering at 1 kHz was carried out after data collection. 
The Butterworth filter (MathWorks, Inc., 2008) was used as recommended by CEN (2009) for 
model scale tests and as used by other authors in the study of train slipstreams (i.e. Sterling et 
al, 2008 and Quinn and Hayward, 2008). Filtering at 1 kHz was carried out as a result of trial 
and error so that the filtered signal still maintained the main features (i.e. nose and wake 
peaks) of the original signal and without showing much phase distortion. 
In all tests, the train was allowed to go round for a reasonable time in order to let the airflow 
stabilise in the room before zeroing the probes and taking any measurements. As shown in the 
following chapter, there seems to be a low velocity ongoing airflow around the wheel due to 
the movement of the train and the wheel.  
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a) 
 
b)
 
c) 
 
d) 
 
Figure 23. Laps and runs comparison for measurements taken at y=0.25m and at z=0.5m. Train speed 
16.5m/s. x axis shows equivalent full scale distance along the train, and y axis shows slipstream velocity 
normalized by vehicle velocity. a) Slipstream velocity ensemble average of 20 laps for all three different 
runs, b) Slipstream velocity ensemble average of  40 laps, c) Slipstream velocity ensemble average of 60 
laps, d) Slipstream velocity ensemble average of 80 laps. 
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CHAPTER 4 
4. EXPERIMENTAL RESULTS AND ANALYSIS 
From the tests carried out in the Rotating Rail Rig it was possible to obtain velocity time 
histories from ensemble averages of a large number of runs (of the order of 80). These 
velocity time histories allowed carrying out a detailed analysis of the train slipstream. As seen 
in the following sections, it was possible to assess the effect of the curvature of the train 
(Section 4.1), the effect of train speed (Section 4.2), the spatial variation of the slipstream 
velocities (Section 4.3), the thickening of the boundary layer along and around the train, the 
turbulence levels (Section 4.4) and the distribution of the different turbulence scales around 
the train (Section 4.5). It was also possible to study the pressure distribution of the flow field 
around the train (Section 4.6). 
Firstly, however, it is necessary to mention, that in all tests, the slipstream velocity results 
obtained showed a different residual normalised velocity depending on the train speed, taking 
a lower value the higher the train speed. This residual airflow (see Figure 24 for typical 
measurements at y = 0.25 m and z = 0 m) was apparent before and after the train had passed, 
when it should be zero. The value of this normalised residual airflow was found for each 
measuring point by averaging the normalised velocity values obtained along a distance of five 
train carriages prior to the passing of the train. For train speeds of 16.5 m/s and 14.2 m/s the 
average normalised value for all measuring points was 0.071 and 0.079 respectively, with a 
corresponding standard deviation of 0.007 and 0.006. For lower vehicle speeds it was found 
that the average residual increased somewhat (to 0.116 at the lowest speed of 7 m/s, with a 
standard deviation of 0.014).  
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Figure 24. Set airflow. x axis shows equivalent full scale distance along the train, and y axis shows 
slipstream velocity normalized by vehicle velocity. Nose of train passes at x = 0 m and tail at x=104m. 
Train speed was 16.5m/s and measurements were made at half train height. z = 0 m, and at y = 0.25 m 
from the outer side edge of the train. 
This residual normalised velocity was the result of an ongoing airflow produced both by the 
train and the movement of the wheel. It would have been desirable to reduce this effect, so 
that the train would enter a wind free zone when approaching the testing area. However, the 
different proposed solutions, i.e., place funnels to divert the airflow, use a fan to blow air 
directly into the testing area to remove the ongoing air, etc. were generally impracticable. 
Assuming that this set airflow was constant across the flow field, in what follows, the wind 
offset that the rig wrongly introduced has simply been subtracted from the results. Aside from 
this uncertainty due to experimental bias, the major uncertainties in the data that will be 
presented below are in the values of the ensemble averages of slipstream velocity. As noted 
previously the use of a large number of individual runs in forming the ensemble reduced this 
uncertainty to low values which are estimated to be of the order of 0.02 x model speed.  
It is important to mention that due to the positioning of the probes (facing velocities in the 
train direction of travel), all slipstream results showed zero velocity values in the nose area as 
velocities were rejected for being out of the ±45° cone acceptance range of the probes, as 
discussed in Section 3.5. In order to obtain a clearer picture of the train slipstream velocities 
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time histories, it was decided to remove this rejected velocities effect by directly substituting 
the zero values by the maximum wind offset value obtained along a distance of five train 
carriages prior to the passing of the train. Further Matlab signal filtering also helped reducing 
these velocity drops effects. Although the nose and wake peaks were also smoothed by the 
filter, it was shown that the nose peak error introduced by the filter would vary from one 
measurement point to another, ranging from 6-22%. Figure 25 a) shows the original velocity 
ensemble average signal, for measurements taken at train mid height and 0.25 m from the 
train model side, with both the wind offset and the rejected velocities effect. Figure 25 b) 
shows the filtered signal with the wind offset and rejected velocities removed. The nose peak 
error, due to filtering, in this case is 22%. 
a)
 
b)
 
 
Figure 25. Normalised velocity ensemble average for measurements taken at z = 0 m and y = 0.25 m (outer 
side of the train). Train speed of 16.5 m/s. a) Ensemble average showing the set airflow and the rejected 
velocities. b) Ensemble average after removing the wind offset, the zero value velocities and applying 
1 kHz filtering. 
4.1  Comparison between flows on the inner and outer surfaces 
As mentioned before, the rig introduces a curvature that has to be studied and dealt with. It 
was found that velocity time histories obtained for the inner concave side of the train differed 
greatly from the outer convex side of the train, all along the train and for all the different 
measuring points. Although both probes captured the different flow regions around the train 
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(a nose region, a boundary-layer region, a near-wake region and a far-wake region) it was 
seen that slipstream velocities along the convex side were greater and extended for longer 
than along the concave side of the train, as seen in Figures 26(a) and 26(b), where slipstreams 
velocities measured at train mid height and at different lateral distances were ensemble 
averaged and normalised (for comparison purposes). 
 
Figure 26. Ensemble average normalised velocities at train mid height and at different lateral distances 
from the train surface. Train speed=16.5m/s. (a) Outer probe. (b) Inner probe. 
It is noticeable that the convex side results showed greater slipstreams velocities than the 
concave side, as described in Section 2.1.3. In fact, slipstreams velocities for the concave side 
of the train were 5 times smaller in the boundary layer than for its convex counterpart. In 
addition, the boundary layer velocities fell to zero for y > 0.25 m from the train inner concave 
side, whilst the outer convex side still showed a boundary layer region for y up to 1 m from 
the model side. Also, in the convex side, the slipstream velocities seemed to decrease slowly 
after the tail peak entering the far wake region, whilst the concave side results showed that 
after the tail peak, velocities fell straight to zero, not allowing for a far wake region to 
develop. What is more, comparing results from both sides to those obtained in the TRAIN rig, 
it was noticeable that the convex side results showed a good resemblance to the latter, as 
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shown in the following chapter. Taking all this into account, in the following sections only the 
convex side measurements are discussed in any detail. 
4.2  Effect of train speed 
To check for the effect of train speed in the results, the wheel was spun at velocities of 7, 
9.45, 14.2 and 16.5 m/s. These velocities with the train height (0.07 m) gave a Reynolds 
number (hV/ν − h is the train height) range of 3.27 x 104 to 7.7 x 104, where ν is the 
kinematic viscosity of air. Slipstreams velocities were measured at all points around the train. 
The ensemble-average mean velocity time series were found for each experimental 
configuration and then normalised by train speed. Figure 27 shows how by normalizing the 
slipstreams velocities by train speed the difference in the results was not large, with 
normalised velocity values in the different flow regions taking almost the same values for the 
different train speeds.  
 
Figure 27. Normalised splipstream velocities ensemble average at z = 1 m and                                                   
y = 0.25 m at different train speeds. 
The different values for the lower train speeds in the boundary layer region could be due to 
the fact that at these train speeds the probes were working, at some points, below their 
performance range, and therefore obtaining a very poor acceptance rate, where, depending on 
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the tests, only 45% to 55% of the data was accepted. In this figure velocities were measured at 
1 m above train mid height and at 0.25 m from the model outer side, although results 
presented here repeat for all train side and top measurements. Taking this into account, on 
what follows, only results obtained at 16.5 m/s are considered in order to minimise the 
amount of data to be presented. 
4.3  Spatial variation of velocity 
As in previous studies (Baker, Dalley et al., 2001; Sterling, Baker et al., 2008), the ensemble 
mean normalised slipstream velocities, with the origin aligned with the peak of the nose 
pressure pulse, follow a defined pattern (Baker, Dalley et al., 2001). In all cases, it is possible 
to identify first a nose peak, followed by an increase in velocity in the train boundary layer 
and a near wake peak that gradually decays downstream. However, normalised velocity 
values and flow development will vary depending on the place where measurements were 
carried out, i.e. measurements taken along a vertical axis from the model side, Figure 28 (a) 
and (b), or taken in the roof along a horizontal axis, Figure 29.  
a) 
 
b) 
 
Figure 28. Normalised velocity time histories for measurements taken at y = 0.25 m from the model side 
and at different heights . (a) Above mid train height, (b) below mid train height.  
As can be seen in Figure 28(a), at a distance of 0.25 m from the model convex side, the nose 
peak increased from a normalised velocity value of 0.2 to 0.55 as the measurement point 
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moved towards the top of the train. Velocities in the boundary layer developed similarly for 
the first two carriages with increasing z. For the last two carriages however, velocities 
decreased with increasing z. However, for the top measurement at z = 1.5 m from train mid 
height, velocities increased rapidly along the first carriage of the train with a maximum at the 
end of it and then fell and stabilised in lower values along the rest of the train. Figure 28(b) 
shows how velocities increased as the measurement point moved down towards the platform 
(however, this time the nose peak stayed at a normalised velocity value of 0.2 at all heights). 
For measurements taken on the roof of the train, at z = 1.75 m from train mid height, it can be 
seen (Figure 29) how velocities increased with increasing y* (lateral distance from the train 
centre line) for the first two carriages whilst decreasing for the rear ones. Measurements 
beyond the train model side (y* = 1.5 m) show how the slipstream velocities decreased with 
increasing y*, as expected. 
 
Figure 29.  Normalised velocity time histories for measurements taken at z = 1.75 m and at different 
distances from the train centre line.  
Evidently, for a given measuring height, velocities decreased with distance from the train 
side, as seen in Figure 30. 
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Figure 30.  Normalised ensemble mean velocities for measurements at train mid height and at different 
distances from the model convex side 
For a better understanding of the overall normalised velocity flow-field around the train, 
different contour plots at different cross sections (x given as equivalent full scale distance 
along the train) of the train were drawn using Matlab. Figures 31(a) to 31(h) below show 
normalised slipstreams velocities contour plots at the following cross sections: the nose of the 
train (x = 0 m), the end of the nose (x = 3.5 m), the end of the first carriage (x = 26 m), the end 
of the second carriage (x = 52 m), the end of the third carriage (x = 78 m), the middle of the 
fourth carriage (x = 92 m), the beginning of the tail (x = 100 m) in its nose shape and the end 
of the tail (x = 104 m). Note that in this figure, and in the figures that follow, the shape of the 
train, indicated by the shaded area is nominal, and represents the bounds of the measurement 
domain rather than an accurate train shape. These cross sections were selected to carry out the 
contour plots as it was seen that higher velocities were present at the end of each carriage 
coinciding with the train inter-carriage gaps, being the highest peak between the third and 
fourth carriage with a value of 0.7 of the train speed at z = 0.5 m. As seen before, the 
slipstreams velocities decreased with distance from the model side, becoming almost 
insignificant at a lateral distance of y = 1 to 2 m from the train side edge. However, it should 
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be noted that for measurements carried out at the roof of the train, the velocities increased 
with lateral distance as the measurement point approached the edge of the train; then 
velocities started to decrease with lateral distance, disappearing again at around y = 2 m from 
the model side edge.  
In terms of the effect of the vertical distance on the slipstream velocities, it was clear that for 
roof measurements velocities decreased with height from the train top. On the other hand, 
measurements taken along the vertical axis on the train side increased as the measurement 
point moved down to the platform and up to the top of the train. Measurements taken closer to 
the ground plane (z = -0.5 and z = -1) seemed to be very much influenced by the ground and 
the ambient airflow, and the signal obtained presented more noise, even when the train was 
away from the measurement point. These contour plots also show how velocities on top of the 
train started at very low values increasing towards the end of the train nose and having a 
maximum by the end of the 1st carriage. Then they decreased becoming insignificant by the 
end of the train. It is important to notice that this velocity maximum was around half the 
maxima obtained for the train convex side anywhere along the train. It is also possible to see 
how velocities on the left side of the train were much smaller than on the right side of the 
train, all along the train (as mentioned in Section 4.1), being only appreciable for the train 
nose and tail and not lasting more than 0.5 m from the model side. It is noticeable how 
velocities on the right side of the train presented higher values on the mid-top of the model 
and close to the ground, along the train, except for the tail were the maxima was located at 
train mid height and velocities expanded farther from the train side.  
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Figure 31.  Normalized velocity contour plots at different cross sections along the train (x given as 
equivalent full scale length along the train). The bottom axis shows equivalent full scale lateral distance 
and the left axis shows equivalent full scale vertical distance. (a) Train nose, x = 0 m. (b) End of nose, x = 
3.5 m. (c) End 1st carriage, x = 26 m. (d) End 2nd carriage, x = 52 m. (e) End 3rd carriage, x = 78 m. (f) Mid 
4th carriage, x = 92 m. (g) Beginning of tail, x = 100 m. (h) End of tail x = 104 m. 
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4.4  Turbulence levels 
As in previous studies (Baker, Dalley et al., 2001; Sterling, Baker et al. 2008) the normalised 
standard deviation of the velocity time histories is used as an indicator of turbulence levels 
along the train. Figure 32(a) shows, as an example, the normalised average slipstream 
velocities and standard deviations for measurements taken on the train convex side at train 
mid height, z = 0, and y = 0.25 m from the train surface. Figure 32(b) corresponds to results 
for roof measurements carried out at z = 1.75 m and at its centre line, y* = 0 m. 
 
Figure 32. Normalized slipstreams velocity ensemble average (black) and standard deviation (gray). Train 
speed=16.5m/s. (a) Measurements taken at train mid height (z=0) and y=0.25m from the model convex 
side. (b) Measurements taken at train centerline (y*=0) and z=1.75m, i.e. 0.25m above the roof. 
As stated in references (Baker, Dalley et al., 2001; Sterling, Baker et al. 2008; Baker, 2010), 
both model and full scale results carried out previously suggest that the nose velocity peak is 
highly reproducible, with little variation between experimental runs, and can thus be regarded 
as inviscid. It can be seen that in all cases the ensemble standard deviations are either very 
small in relation to the ensemble means, or change little from their upstream values. However, 
in the present experimental set up, this only held true for the roof results but not for the train 
side measurements, where the standard deviation at the nose of the train took a relatively high 
value. This could be due to the rejected data due to the positioning of the probes and in some 
way to the ambient flow altering the position of the nose peak in some of the runs, thus 
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resulting in more run to run variability. Following the nose peak, as in previous studies 
(Baker, Dalley et al., 2001; Sterling, Baker et al. 2008) the standard deviation remained small 
and varied consistently with a growth of turbulence in the boundary layer, for both top and 
side measurements. The near wake region displayed velocity variability close to the vehicle, 
and then the standard deviation showed a gradual decrease (as so did the average slipstream 
velocities) with increasing x. This was clear in the side measurements shown above, although 
the same could not be said for the roof results as the standard deviation fell to zero just at the 
end of the train. Although, standard deviation results for roof measurements taken at distances 
of z = 2 m from the train centre line, y* = 0 m, did show a little increase in the turbulence 
levels.  
Having a closer look to the boundary layer, it could be seen that its thickening was 
accompanied with an increase in standard deviation and thus in the turbulence level. In order 
to get a better understanding of the thickening of the boundary layer along and around the 
train, the boundary layer displacement thickness, d*, was calculated (Equation 22): 
∫= dyV
ud* ,                                      (22) 
for side measurements, where u is the measured velocity and V is the train speed.  For top 
measurements, d* was defined as (Equation 23): 
∫= dzV
ud* .           (23) 
The integrations were carried out using simple trapezoidal methods over a range of values of 
y between 0.15 and 2 m (equivalent full scale distance) for train side measurements, and 
values of z between 0.25 and 0.75 m for train top measurements.  
Note that this definition of the displacement thickness differs from the traditional definition 
(Equation 24) in which:  
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∫ −= dyu
ud
e
)1(* ,                     (24) 
where u is the measured velocity and ue is the free stream velocity. This definition applies to 
the boundary layer on the surface of a stationary body immersed in a fluid stream of velocity, 
ue, whilst the former definition is given for a boundary layer on a surface of a moving body in 
still air, as defined in Lee and Davis (1972). As explained in Sterling, Baker et al (2008), the 
two-dimensional definition of the displacement thickness is only marginally appropriate to the 
three-dimensional flow conditions considered here, but was felt to be a useful indicator of 
boundary layer development. 
The boundary layer displacement thickness was then plotted at different cross sections, where 
its values were more significant (see Figures 33(a) to 33(d)). As can be seen in the figures, 
both the roof and the inner concave side of the train presented lower values of the 
displacement thickness in comparison to those of the outer convex side of the train. The roof 
displacement thickness was mainly appreciable along the 1st carriage of the train taking its 
highest value at the end of it, x = 26 m. The inner side displacement thickness was only 
significant along the train, being mainly noticeable at the end of the 4th carriage (x = 104 m). 
The outer side displacement thickness varied greatly along the train. As can be seen the 
boundary layer on the mid-top part of the train side increased as the measurement point 
moved down the train and similarly at train mid height. The boundary layer at points closer to 
the platform was quite thick at the end of the first carriage, then it decreased along the 2nd and 
3rd carriages to show an increase again at the end of the 4th carriage. 
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Figure 33. Displacement thickness on train sides and roof. (a) End 1st carriage, x = 26 m. (b) End 2nd 
carriage, x = 52 m. (c) End 3rd carriage, x = 78 m. (d) end 4th carriage, x = 104 m. 
To investigate the magnitude of the unsteadiness within the boundary layer the ‘turbulence 
intensity’ was also calculated. As explained in Sterling, Baker et al. (2008), this is given by 
the ratio of the normalised standard deviation of the slipstream velocity ensemble to (1 minus 
the ensemble mean u/V). To help the visualization of the turbulence intensity values, contour 
plots were constructed at different cross sections along the train, as seen in Figures 34(a) to 
34(d). As expected, the higher values of the turbulence intensity were found at the inter-
carriage gaps, with the highest value, of 0.4, taking place between the 3rd and 4th carriage at z 
= 1 m and y = 0.15 m from the model outer side. Turbulence intensities on top of the train 
increased along the first carriage getting its maxima (again lower than those registered, at any 
cross section, for the outer side of the train) at the end of it, x = 26 m, and then decreased 
whilst moving towards the right side of the train until they disappeared at the near end of the 
4th carriage, x = 104 m. Turbulence intensities for the inner side of the train were mainly 
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visible at the end of the 2nd carriage, x = 52 m, and along the 3rd, 52 m < x < 78 m, lasting 
longer closer to the platform. Finally, for the right side of the train, turbulence intensities were 
located on the top right corner of the train for the 1st carriage and then moved towards the 
mid-top part of the train for the following two carriages and then they seemed to be 
concentrated predominately at both mid train height, z = 0, and z = 1 m, along the 4th carriage 
of the train. 
 
Figure 34. Turbulence intensity contours. (a) End 1st carriage, x=26m. (b) End 2nd carriage, x=52m. (c) 
End 3rd carriage, x=78m. (d) end 4th carriage, x=104m.
Turbulence intensity contours in the near wake region showed how the turbulence intensity 
levels fell to 1/3 of the tail turbulence intensity maxima, just after a distance equivalent to a 
full carriage length, x = 125 m (see Figures 35(a) and 35(b)). However, these results should be 
handled with care. As it is explained in Sterling, Baker et al. (2008), the velocity measured in 
the near wake region depends crucially on the phase of the vortex shedding cycle as the 
measuring instrument is passed, which acts as a warning towards the use of the ensemble 
averaging technique in the near wake region. In the present experiment, the intermittency of 
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the near wake peak was clear. For side measurements close to the train, around 65% of the 
individual runs at the different measuring points (along z) showed a velocity peak just at the 
end of the train, x = 105 m. However, 5% didn’t show any peak at all and 30% showed the 
velocity peak between x = 105 m and x = 150 m.  For top measurements close to the train 
roof, around 90% of the runs showed the peak at x = 105 m and the rest didn’t show a peak at 
all. In this near wake region it is probably best to look at the wavelet analysis of the individual 
runs to gain a better idea of the flow structure in this region. The wavelet analysis follows in 
the next section. 
 
Figure 35. Turbulence intensity contours in the near wake region. (a) x=115m. (b) x=125m.
4.5  Wavelet analysis 
Wavelet transforms are useful in the study of turbulence as they enable information about 
both the frequency content (expressed as a scale or a period) and the spatial structure of the 
flow to be obtained (Farge, 1992). They are thus ideally suited to the analysis of the highly 
non-stationary data from the present investigation. As advised in Farge (1992) the continuous 
wavelet transform was used and the analysis was carried out using a complex valued-wavelet, 
so that the modulus of the wavelet coefficients follow the signal energy density variations 
without presenting spurious oscillations. In the present investigation, the complex valued 
Morlet wavelet was used, because not only the complex nature of this wavelet implied that it 
was better adapted for capturing oscillatory behaviour, but because the Morlet reflected, as 
Measurement and Analysis of Slipstreams for Passenger Trains                            N. Del Valle 
76 
seen in Figure 36, the type of features present in the time series (which is essential as the 
wavelet transform is an inner product between the analyzing wavelet at a given scale l and the 
signal to be analysed). A good summary of wavelet analysis is given by Torrence and Compo 
(1998) and Valens (2004). The wavelet plots presented here were calculated using the Matlab 
scripts that can be obtained at Torrence and Compo (n.d.). 
 
Figure 36. Morlet wavelet. Solid line represents the real part of the wavelet in the time domain, and the 
dashed line the imaginary part. The scale was s =10dt. (Torrence and Compo, 1998) 
The wavelet transform was applied to data obtained from different individual runs at points 
where the turbulence intensity plots present a maximum. That is, measuring points at y = 
0.15 m from the model side and at z values of z = 0 m, z = 1 m and z = 1.5 m. 
Out of the 80 laps that were carried out at each measurement point and train speed of 
16.5 m/s, it was decided to plot the wavelet power spectrum of 9 different laps (1 every 9 laps 
– 10% of the total number of laps in any one run). Obviously, as the flow is highly non-
stationary, the power spectrum plot differed from one lap to another at each measuring point. 
However, similar patterns at same scales were identified and it was decided to obtain the 
average plot for each experimental configuration. Figure 37 below shows the average wavelet 
power spectrum for a) runs carried out at y = 0.15 m from the model side and at train mid 
height, z = 0 m, b) runs at y = 0.15 m from the model side and z =1 m above mid height and c) 
runs at y = 0.15 m from the model side and z = 1.5 m above mid height. 
As can be seen in the pictures, the highest powers are at the largest scales and reflect the 
variations in the overall flow-field. As the period falls, the power also falls. However, in the 
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three cases it can be seen that as the vehicle is passing the probe at y = 0.15 m from the model 
side (i.e. well within the boundary layer), there is an enhancement in the power at the smaller 
scales, reflecting the small-scale turbulence within the boundary layer flow. This effect 
disappears as the model passes by.  It can be seen that for Figure 37(a) from the 1st coach of 
the train to the last coach there is a slight shift from a period of 0.008 s to a period of 0.004 s 
and most of the turbulence seems to be located in the last part of the train. However, the 
opposite holds true for Figure 37(c) the shift is from shorter to longer periods, from 0.002 s to 
0.008 s, and the turbulence seems to be located in the first part of the train, 0 m < x < 25 m. 
On the other hand, Figure 37(b) presents a more balanced location of the turbulence, where 
the enhancement of the power is given at periods between 0.002 and 0.008 s for the first and 
last carriages. 
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Figure 37. Average wavelet power spectrum for runs at different measuring points, using the Morlet 
wavelet. The left axis is the corresponding Fourier period (in seconds) to the wavelet scale. The bottom 
axis is the equivalent full scale length along the train.  The nose passes at x = 0 m and the tail at x = 104 m. 
The shaded contours represent the contribution of each level to the total power. The levels are (gray scale 
in which white represents the lowest level and black the highest): [9.3e-10, 1.5e-8, 3e-5, 9.5e-4, 0.0156] 
 
Having said all this it seems that the small scale turbulence within the boundary layer was 
located initially (as the train passed the probe) at the mid-top of the train and then moved 
downwards to train mid-height as the end of the train approached the probe. 
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In terms of the near wake region, just after the train had passed, there was also an 
enhancement of the power at the lower scales (periods between 0.002 s and 0.004 s), although 
it remained below the power encountered inside the boundary layer, as expected. It is 
important to notice that the power present in this region lasted for around a hundred meters 
after the train had passed, especially at measurements taken at train mid height and z =1 m 
above mid height. 
4.6  Surface Pressure 
The movement of trains through the air not only results in significant air flow velocities but 
also creates a pressure distribution from the flow surrounding it. Generally, when a train 
passes a pressure pulse is produced (positive peak), by the passage of the train nose, followed 
by a rapid pressure drop (negative peak), with the entire event occurring in a very short 
duration. The pressure is generally near ambient along the length of the train, until the tail is 
reached, where the pressure rapidly falls and then rises (Schetz, 2001; Shui-Hong Lee, 1999; 
Johnson and Dalley, 2002). The initial rise and fall in pressure as the nose of the train passes 
is very important for the nose modelling, as this peak to peak change in pressure translates 
into the maximum force load generated by the moving train on its surroundings (Lee, 1999; 
Johnson and Dalley, 2002).  
Figure 38 shows the ensemble average pressure coefficient time history for measurements 
taken at different distances from the model outer and inner sides (y = 0.25 and y = 0.75 m) 
and at different heights (z = -1 m, z = 0 m and z = 1.5 m) for each measuring point. The 
pressure coefficient is defined as: 
2
2
1 V
PPCp
ρ
∞−=                                                                                    (5) 
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where P is the static pressure, ∞P  is the far-field pressure, and V is the speed of the train.  
Similarly to the rejected data present in the slipstream velocities time histories, due to the 
direction of the flow falling beyond the ±45° cone of acceptance of the probe, the pressure 
time histories also showed zero values of the measured pressure in all laps. Again, looking at 
the individual laps within a given run, it was observed that the acceptance data percentage of 
the overall pressure flow field was very low, around 45-55% depending on the lap under 
consideration. As found for the velocity flow field, carrying out the ensemble average of the 
80 laps, helped diminishing the rejected data significantly, to the point that no rejected data 
was found in the ensemble average of the pressure time histories, as shown in Figure 38. 
a)    
 
b)    
                  
 
c) 
 
d) 
 
Figure 38. Ensemble average of pressure coefficient time histories for measurements taken at z = -1 m, z = 
0 m and z = 1.5 m. a) y= 0.25m from the model outer side, b) y = 0.25 m from the model concave side, c) y 
= 0.75 m from the model convex side, d) y = 0.75 m from the model concave side. 
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As can be seen in Figure 38, the effect of each inter-carriage gap on the pressure distribution 
can be identified as a series of spikes in the graphs (Pope, Baker et al., 2006; Johnson and 
Dalley, 2002). The influence of these inter-carriage gaps was however different if 
measurements were taken in the outer convex side or the inner concave side of the train. It is 
noticeable how for outer side measurements the effect of the gaps was stronger close to the 
roof of the train (Figure 38(a) and (c)), whilst for the inner side measurements the effect was 
stronger close to the platform (Figure 38(b) and (d)).  As might be expected, the closer to the 
side of the train the stronger the effect of the gaps. In fact, it was shown that for inner side 
measurements the effect of the third intercarriage gap was minimal for distances beyond 
0.5 m from the train side.  
Comparing the nose and wake pressure pulses for the inner and outer side measurements, it 
appears that the curvature of the train diminished the pressure pulses specially at the nose 
negative peak and the wake positive peak (becoming near ambient in this area).  
It is worth noting the significant pressure drop registered in the nose area at y = 0.25 m from 
the model outer side for measurements below train mid-height and close to the platform, 
where measurements were very much influenced by the ground and ambient airflow.  
Figure 39 shows the pressure distribution along the train for measurements taken at 
z = 2.25 m from train mid height (which corresponds to 0.5 m from the roof of the train) and 
at different distances from the train centre line, covering the whole roof of the train.  
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a)
 
b)
 
Figure 39. Ensemble average of pressure coefficient time histories for measurements taken at z = 2.25 m 
from mid train height. a) Measurements taken from y* = -1.5 m up to y* = 0 m, which corresponds to the 
train centre line. b) Measurements taken form the train centre line y* = 0 up to y* = 1.5 m. 
 
As can be seen in Figure 39, the pressure values registered to the left hand side of the centre 
line of the train, Figure 39(a), were very similar to those of the right hand side, Figure 39 (b). 
It is possible to notice that, in both cases, pressures stayed nearly the same for all measuring 
points, but for the nose and wake negative peaks, where the pressure values obtained 
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decreased with distance from the train centre line. In terms of pressure fluctuations due to the 
inter-carriage gaps, only the effect of the first inter-carriage gap was visible. 
4.7  Concluding remarks 
The results here presented can be summed up as follows: 
1. A wind offset of around 0.08 of the wheel velocity was found in all tests. This offset seems 
to be the result of an ongoing airflow produced by both the train and the movement of the 
wheel. These wind offset was simply subtracted from the results.  
2. The effect of model speed on the experimental results was small if the results were 
properly normalized. 
3. The division of the airflow into a number of flow regions proposed in Baker, Dalley et al. 
(2001) has been confirmed for this model test. However, the curvature of the rig had a 
large impact on the inner concave side results, with much lower velocities and lasting less 
than its convex counterpart.  
4.  The slipstream velocities results showed that: 
a) On the convex side of the train: velocities increased towards the top of the train 
and for measurements close to the platform. Higher values were found in the 
inter-carriage gaps, with the peak velocity registered in between the last two 
carriages at the right mid-top of the train. 
b)  On the roof of the train: Velocities on the roof of the train were smaller than 
those of the convex side. Higher values were found at the train corners. This is 
probably due to higher levels of turbulence in the top corner of the train as the 
roof and side flows come together in this area. 
c) Velocities decreased with distance from the train side.  
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d) The near wake slipstream velocity peak mentioned in Sterling, Baker et al. 
(2008) was also present in the ensemble average velocity results all along the 
side and roof of the train. This peak is an intermittent structure which puts in 
doubt the use of the ensemble averaging technique in this region. 
5. Turbulence results: 
a) The curvature of the train also had a large impact on the turbulence results for 
the inner concave side of the train, with insignificant values of turbulence 
intensities and much lower values of the boundary layer displacement thickness 
than its convex counterpart. 
b) The standard deviation analysis showed that for train side measurements, the 
standard deviation at the nose of the train took a relatively high value. This could 
be due to the low level of data acceptance rate in this area (due to the positioning 
of the probes) and the ongoing ambient flow altering the position of the nose 
peak, resulting in high run to run variability. 
c) The outer side of the train showed higher values of the displacement thickness in 
comparison to those of the inner concave side and roof of the train. This also 
suggests a more rapid boundary layer growth for the convex side than for the 
concave side and the roof (Baker, Dalley et al., 2001). The boundary layer in the 
top and bottom parts of the train convex side increased as the measurement point 
moved down the train.  
d) Similarly, turbulence intensities were higher for the convex side of the train than 
for roof or inner side measurements, with higher values found at the inter-
carriage gaps and at mid-top part of the train. 
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e) Wavelet analysis of the individual runs at different heights along the train outer 
side showed how the small scale turbulence in the boundary layer was firstly 
located on the top right corner of the train for the first carriage and then moved 
down to train mid height when reaching the fourth carriage. The near wake also 
showed an enhancement of the power at the lower scales, although it remained 
below the power encountered inside the boundary layer. The power in this region 
lasted for around a hundred meters after the train had passed. 
6. Pressure distribution: 
a) The curvature of the train diminished the nose negative pressure pulse and the 
wake positive pressure pulse, when comparing the pressure distribution results 
from the convex and concave side measurements of the train. 
b) The effect of each inter-carriage gap on the pressure distribution could be 
identified as a series of spikes in the graphs. For convex side measurements the 
effect of the gaps was stronger close to the roof of the train, whilst for the inner 
side measurements the effect was stronger close to the platform. For roof 
measurements only the effect of the first inter-carriage gap was visible. 
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CHAPTER 5 
5. COMPARISON OF RESULTS WITH EXISTING DATA 
To assess the adequacy of the results obtained in the rotating rig with a 1/50th scale model of 
an idealised four carriage ICE2 train, the results were compared with existing data from 
experiments carried out on ICE type trains, at model and full scale sizes.  
Baker, Dalley et al. (2001) carried out an extensive investigation on the slipstream and wake 
of a high speed train using a moving model rig (TRAIN rig), owned by Delta Rail, in which a 
1/25th scale model of an idealised four carriage ICE2 train was propelled along a straight rail 
system at speeds of 30 m/s. The velocity field around the model was measured using a rake of 
hot film anemometers positioned at distances from the model at mid-train height with no 
platform simulation (Figure 40(a)). The advantage of using such a rig over traditional wind 
tunnels is its ability to correctly simulate the relative motion between the vehicle and the 
ground. 
a) 
 
b) 
 
c) 
 
Figure 40.  Experimental views. (a) TRAIN rig, (b) DB trackside tests and (c) DB platform tests (Baker, 
Dalley et al., 2001; Sterling, Baker et al., 2008) 
Results from this investigation were also examined in Sterling, Baker et al. (2008), which also 
gathered results from full scale tests carried out by Deutsche Bahn, DB, (Schulte-Werning, et 
al., 1999) in Germany using a 14 carriage ICE1 service train travelling at 51 m/s. Slipstream 
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velocities were measured using gust anemometers both at platform and at trackside (Figure 
40(b) and (c)), although only platform measurements are discussed here. The platform tests 
were carried out at a number of distances from the train side at 1m and 1.34 m above a 
German height platform, which corresponds to a height of 0.31 m above the rail (as compared 
to 1 m for the UK platform).  
It is worth noting that Johnson and Holding (2003) looked at the influence of this platform 
height difference on the slipstreams of a 1/25th scale ICE2 model using the Moving Model 
Rig, and discovered that the higher platform (UK platform, 1 m above the rail) significantly 
reduced (up to 30%) the contribution to the slipstream of the bogie roughness, affecting the 
structure of the train slipstream and wake. The peak slipstream air speeds took place in the 
near wake of the train for German height platforms (0.31 m above the rail), whilst the peak 
speeds were associated with the train nose passing for UK height platforms (1 m above the 
rail), as seen in Figure 41. 
 
Figure 41. Normalised ensemble averaged slipstream velocities comparison between results obtained in 
the TRAIN rig for an ICE2 scale model passing a German height platform station (black line) and a UK 
height platform station (gray line). Train speed = 50 m/s. Measurements taken at equivalent full scale 
distance of 1m from the train side and 1.335 m above platforms. (Johnson and Holding, 2003) 
Full scale data from the DB and BT (Bombardier Transportation) measurements in 
conjunction with the AEROTRAIN Spanish tests were also available in Quinn, Baker et al. 
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(2011). Results for the Velaro S103 (quite similar to the German ICE 3 train) were analysed 
by the authors for a variety of wind conditions. However, results were not directly comparable 
to the Rotating Rail Rig as the Velaro tests were carried out at 1.525 m from the train side, 
and at this equivalent full scale distance from the model side in the Rotating Rail Rig, the 
boundary layer growth was not apparent at any measurement point (not even at platform 
level). Nonetheless, the Velaro slipstream results showed high resemblance with the flow 
structure obtained in the rig at distances closer to the train side, as detailed in Section 5.1. 
Following the result analysis carried out in Sterling, Baker et al. (2008), a comparison of the 
ensemble mean slipstream velocities for model and full scale measurements will be carried 
out followed by a detailed comparison of the flow within specific flow regions. 
5.1  Ensemble mean slipstream velocity comparison 
Comparing results from the Rotating Rig to those obtained in the TRAIN moving model rig 
(Baker, Dalley et al., 2001), it was noticeable that the convex side results showed a good 
resemblance to the TRAIN moving model rig results, as seen in Figure 42. The nose peak 
obtained in the TRAIN rig at full scale distance of 0.25 m took a normalised value of u/V = 
0.23 whilst in the rotating rig this value was 0.2. In addition, the boundary layer values were 
also remarkably similar. There was a slight difference in the velocity peak at the tail, which 
was somewhat more apparent in the rotating rail results. However, this peak was noticeable 
near the ground as reported in Sterling, Baker et al. (2008). 
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Figure 42. Normalised ensemble average slipstream velocities comparison between results obtained with 
the rotating rail (a) and those obtained in the TRAIN rig (b). In both cases a four carriage ICE train 
model was used. The rotating rail used a 1/50th scale model and the TRAIN rig a 1/25th scale model. 
Measurements were taken at train mid height, z = 0. 20 train passes were ensemble averaged in the 
TRAIN rig, against 80 for the rotating rail. Again, the x-axis shows equivalent full scale distance along the 
train, with the tail passing at x = 104 m. 
Velocity slipstream results for tests carried out by DB on a full scale 14 carriage ICE1 service 
train at 1 m above a German height platform (equivalent to 1.31 m above the top of the rail or 
0.94 m below train mid height), and various distances from the train side, should have been 
compared to measurements carried out at z = -1 m from train mid height in the rotating rig. 
However, as seen in Section 4.3, these measurements were very much influenced by the 
ground and the ambient airflow, and the signal obtained presented a lot of noise, even for 
measurements taken far away from the model side. Therefore it was decided to compare the 
full scale results (reported in Sterling, Baker et al. (2001)) to those obtained in the rotating rig 
for measurements carried out at z = -0.5 m from train mid height. The results are shown in 
Figure 43.  
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a) 
 
b) 
 
Figure 43. Normalised ensemble average slipstream velocities comparison between results obtained with 
the rotating rail (a) and those obtained by DB on a full size ICE train (b). The rotating rail used a 1/50th 
scale ICE2 model and the DB tests used a full size 14 carriage ICE1 service train. Measurements were 
taken at z = -0.5 m from train mid height for the rotating rail tests and at z = -0.94 m from train mid 
height for the DB experiments. 17 runs were ensemble averaged for the full scale tests, against 80 for the 
model scale tests. Again, the x-axis shows equivalent full scale distance along the train, with the tail 
passing at x = 104 m for the rotating rail tests, and x = 364 m for the full scale tests. 
The model train was only a third of the length of the full scale train, but allowing for this, 
both the model scale and full scale results showed the same flow regions with a nose peak, a 
developing boundary layer (except for points beyond 1m from the model side for model scale 
measurements), an increase in velocity in the near wake region (around x = 100 to 110 m for 
model scale results and x = 360 to 370 m for full scale measurements) and a decaying far 
wake. The peak velocity for the full scale measurements was found in the near wake region, 
whilst it was found in the boundary layer region, in between the last two carriages, for the 
rotating rig measurements and in the nose region for the TRAIN rig measurements. It is worth 
noting that for measurements taken on the inner side of the train, the boundary layer velocities 
were much lower than for the outer side results, and the peak velocity was found in the nose 
region, responding to the effect of the curvature of the train (as shown before in Figure 26, 
Section 4.1).  
The difference in boundary layer development between the full and model scale tests was 
noticeable, being more rapid at full scale than at model scale (it can be seen in Figure 43 how 
at full scale velocities in the boundary layer region increase rapidly right after the nose peak 
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and stay at similar values along the different carriages, whilst for model scale, velocities in 
the boundary layer region do not stabilize right after the nose peak, but keep increasing until 
the very last carriage) probably due to the different configuration of the tests (measurements 
were taken at different distances from train mid height) and difference in vehicle geometry 
(one is longer and straight, the other is a third shorter and curved) and, of course, vehicle 
roughness. The difference in vehicle geometry (i.e. scale) should not be underestimated as a 
difference in train scale implies a difference in Reynolds number. This difference in Reynolds 
number has a significant impact on boundary layer development, as this is highly dependent 
upon Reynolds number (Sterling, Baker et al., 2008).  The Reynolds number for the rotating 
rig tests carried out on a 1/50th scale model of an idealised four carriage ICE2 train is 
0.58 x 106 (taking V = 16.5 m/s and L = 0.525 m) whilst for the full scale ICE1 service train 
used in the tests carried out by DB, the Reynolds number is 88.4 x 106 (taking V = 51 m/s and 
L = 26m).  Thus, the difference is Reynolds number is significant and can affect considerably 
the development of the boundary layer. 
 However, looking at full scale results (Quinn, Baker et al., 2011) of the Velaro S103ET 
(aerodynamic shape similar to the German ICE3 train. Length = 200 m) carried out by DB 
and BT in conjunction with the Spanish AEROTRAIN tests, for measurements carried out at 
z = 0.2 and z = 1.2 above the top of the rail, and at 1.525 m from the model side, under very 
low cross wind conditions  (wind speed < 2 m/s and yaw angle between -0.5° and 0.5°), it was 
found that the boundary layer development showed a very developing flow (in terms of 
continuously increasing velocities throughout the boundary layer region, from after the nose 
peak until the last carriage), similar to that of the rotating rail found for measurements carried 
out at distances < 1 m from the model side (beyond 1 m the boundary layer growth was not 
apparent). This could be due to the significant sensitivity of the train slipstream velocities 
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even to very low cross winds and yaw angles, as found in Figure 44 in (Quinn, Baker et al., 
2011). 
 
Figure 44. Normalized ensemble average of slipstream velocities for Velaro S103ET tests (20 train passes) 
carried out by DB and BT in conjunction with the Spanish AEROTRAIN campaign. Measurements were 
carried out at z = 0.2 m (gray curve) and z = 1.2 m (black curve) above the top of the rail. Train speed 
80m/s. Train length 200m. Low cross wind conditions, yaw angle between -0.5° and 0.5° degrees. (Quinn, 
Baker et al., 2011). 
5.2  Flow regions considerations 
In order to assess the flow characteristics of the rotating rail results within specific flow 
regions, the different flow characteristics were studied around model (Baker, Dalley et al., 
2001) and full scale (Schulte-Werning et al., 1999) trains (both considered in Sterling, Baker 
et al. 2008) within three flow regions: upstream/nose, boundary layer and wake (which will be 
further divided into a near and a far wake region). 
5.2.1 Upstream/nose region 
As mentioned in Section 3.5, the rotating rig results for the nose region should be handled 
with care, as the low level of data acceptance rate in this area (due to the measuring 
technique) meant that velocities were being rejected all around the nose peak, and in 35% of  
cases, the peak itself was missing. Furthermore, the ongoing ambient flow altered the position 
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of the nose peak. Therefore the nose velocity peak that was found to be highly reproducible 
(little scatter between experimental runs) for model and full scale tests as reported in Sterling, 
Baker et al. (2008) for ICE2 type trains, instead presented a relatively high standard deviation 
value in the rotating rail results (Figure 45). In this way, the nose results (without filtering and 
including rejected data) for the ICE2 scale model measurements carried out in the rotating rail 
at train mid height and y = 0.25 m from the model side, presented a maximum normalised 
value of the standard deviation of 0.075 (Figure 45 (a)). It was also found that the nose peak 
length was shorter in the model scale results, around 5 m (from x = -2.5 m to x = 2.5 m) 
against 11 m(from x = -5 m to x = 6 m) for the full scale results. At train speeds of 16.5m/s for 
model scale tests and 51m/s at full scale, this gives a gust duration of 0.3s for model scale 
against 0.2s at full scale, enhancing in this way the gust effect on passenger instability. Even 
though at these time scales the gust could cause passenger instability (Jordan et al. 2008), 
their relatively small magnitude, in comparison to the peaks in the other regions, means that 
they are unlikely to represent the critical case, as seen in Sterling, Baker et al. (2008). 
a) 
 
b) 
 
Figure 45. Ensemble mean and standard deviations of slipstream velocities for the upstream/nose region. 
(a) ICE2 scale model measurements from the rotating rail, y = 0.25 m from the model outer side and train 
mid height, z = 0 m. Results given without filtering and showing the rejected data. (b) 14 carriage ICE1 
service train, platform measurements at y = 1m and z = 1 m. 
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5.2.2 Boundary layer region 
The boundary layer displacement thickness, d* (Equations (22 and 23) in Section 4.4), has 
been previously calculated for model and full scale ICE trains as a useful indicator of 
boundary layer development. Baker, Dalley et al. 2001 studied d* for a 1/25th ICE2 model 
scale train in the TRAIN rig facility and Sterling, Baker et al. (2008) later compared these 
results with full scale size data obtained by Schulte-Werning et al. (1999) on a 14 carriage 
ICE1 service train in Germany.  
Figure 46 shows a comparison between the rotating rail (1/50th scale ICE2 model), the 
TRAIN rig (1/25th scale ICE2 model) and DB full scale (14 carriage ICE1 service train) 
results for the boundary layer displacement thickness along the train. It was found that both 
model scale results showed a substantial boundary layer growth (as indicated by the steep 
displacement thickness curve in Figure 46), in comparison to the full scale data results, 
corresponding to the very developing nature of the flow in this region at model scale (which 
translates into continuously increasing velocities in the boundary layer region). It was also 
noticeable that full scale data laid above the model scale measurements, even for very small 
values of x. These results suggested a rather different boundary layer development at model 
scale than at full scale, as found in Sterling, Baker et al.2008. The authors attributed this 
difference in boundary layer development to Reynolds number effects, since the boundary 
layer development is highly dependent upon Reynolds number. As mentioned above, there is 
a considerable difference in Reynolds number at model scale than at full scale, with a value of 
0.58 x 106 for model scale tests (rotating rig) and 88.4 x 106 for full scale tests (DB tests). 
This difference is mainly attributed to model tests being carried out at 1/50th the size of full 
scale tests. Again, as stated in Sterling, Baker et al. 2008, it was difficult to assess the 
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Reynolds number effects as model and full scale tests were carried out at different positions 
from train mid height and the track geometries were different in all tests.  
 
Figure 46. Development of boundary layer displacement thickness along the train for results obtained in 
the rotating rig with a 1/50th scale ICE2 train model (a), the TRAIN rig, in which a 1/25th scale ICE 2 
model was used, and full scale DB results where a 14 carriage ICE1 service train was used (b), from 
Sterling, Baker et al. (2008). Model scale measurements were taken at train mid height and full scale 
measurements at z = -1 m from train mid height.   
Sterling, Baker et al. (2008) calculated the turbulence intensities obtained in full scale 
measurements and found that the intensities for the 14 carriage ICE1 service train were 
constant, around 0.04, with distance along the train, reflecting once more the slow rate of 
boundary layer growth (as indicated by the displacement thickness curve in Figure 46).  
Taking advantage of the very rapid early development of the velocity in the boundary layer 
region in full scale experiments, an autocorrelation analysis was carried out (Sterling, Baker 
et al., 2008) in order to obtain some information on the duration of the gusts in the boundary 
layer region. The very developing flow (in terms of continuously increasing velocities 
throughout the boundary layer region, which in turn translate into a substantial boundary layer 
growth as indicated by the displacement thickness curve in Figure 46) found in the model 
scale experiments made it impossible to carry out such an analysis, therefore no direct 
comparisons could be made. For the 14 carriage ICE1 service train results an integral time 
scale of less than 0.1 s and an integral length scale of the order of 3 to 5 m were obtained 
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(Sterling, Baker et al. 2008). Gusts with such time and length scales are not sufficient to cause 
passenger instability (Jordan et al. 2008). 
5.2.3 Wake region 
Baker (2001) analysed the wake flow of a 1/25th scale model of a lorry and an ICE2 train 
(experiments carried out in the TRAIN facility) by means of wavelet analysis. A Morlet 
wavelet base was used, as in the present study (Section 4.5). The analysis was carried out for 
individual runs of the models on the moving model rig and an ensemble average formed of 
the wavelet spectra at different dimensionless times, T = tV/h (where t is the time since the 
rear of the vehicle passed the measuring point, V is the train speed and h is the train height. 
Therefore T = 0 indicates the passing of the rear of the train). 
Baker (2001) plotted the wavelet power multiplied by dimensionless Fourier frequency F (in 
the case of the Morlet wavelet, the wavelet scale is very close to the inverse of the Fourier 
frequency, as detailed in Torrence and Compo, (1998)), was plotted against F.  The same was 
done for the rotating rig experiments. Figure 47 shows a comparison between the wavelet 
spectra of velocity time histories for the 1/50th scale ICE2 train model from the rotating rail 
and the 1/25th scale ICE2 model from the moving model rig.  
To enable a comparison to be made, the rotating rail results were also expressed in 
dimensionless time T. 
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             (a)         
               (b)               
Figure 47. Wavelet spectra of velocity time histories for model train measurements carried out in the 
TRAIN rig (a), from Baker (2001), and the rotating rail (b). Measurements taken at train mid height and 
0.25 m from the model side. Train speed of 30m/s for the TRAIN rig tests and 16.5 m/s for the rotating 
rail tests. See Baker, Dalley et al. 2001 for experimental details from the TRAIN rig.  
It was found that for T < 5, there was a large peak in the spectra at a value of F of about 0.5 
for the TRAIN tests. This peak decayed rapidly and disappeared for approximately T = 10, 
see Figure 47(a). In the case of the rotating rail tests (Figure 47 (b)), two large peaks were 
found for T < 5 at values of F of around 0.4 and 1.1. It was very encouraging to find that, 
similarly to the TRAIN results, both peaks disappeared for T = 10. It was also found that for 
both the TRAIN and rotating rail tests,  low frequency oscillations at values of F of around 
0.03 persisted downstream of the train (even at values of T = 20 ), which indicated the large 
scale structure of the far wake region. Therefore the rotating rail results also showed a 
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difference in wake structure before and after a dimensionless time of T = 10, which led Baker 
(2001) to define the near wake region as the wake region up to 10 vehicle heights downstream 
the vehicle trailing edge and the far wake region as the wake region beyond that. 
5.2.3.1 Near wake 
As described in Chapter 2, the large peaks in the spectra found at values of F of around 0.5 to 
1, are associated with the separated shear layers from the vehicle. Therefore, as stated in 
Baker (2001), in the case of high speed trains with a streamlined tail shape, much of the 
energy in the near wake is associated with the trailing vortex pair at frequencies that are 
consistent with the fluctuations in the boundary layers on the vehicle surface. These vortices 
persist until about T = 10, before the large structures become dominant. 
It was also found, in both model and full scale tests, that the velocity peak in the near wake 
region was an intermittent structure (as mentioned in Section 4.4), which questions the 
adequacy of the ensemble average technique to study the flow in this region. Sterling, Baker 
et al. (2008) were able to realign the data for individual runs (from full scale experiments 
where a 14 carriage ICE1 service train was used and measurements were taken at 1m below 
train mid height) and were able to find the velocity maxima for most runs. They found that the 
gusts length scale was 26.2 m. With an average speed of 51 m/s, this suggested a frequency of 
oscillation of 1.95 Hz, giving a Strouhal number (with a nominal vehicle height of 3 m) of 
0.115. As stated in Sterling, Baker et al. (2008), this indicates the complexity of the wake 
flow, with the major unsteadiness at Strouhal numbers of 0.1 to 0.15 being dominant close to 
the ground, with other flow mechanism being significantly higher above the ground (0.5 to 1 
in the case of the scale models for measurements at train mid height). 
As the nature of the oscillations will be determined to some degree by the nature of the 
separated boundary layer in the wake, and the boundary layer development is different at 
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model scale than at full scale (as boundary layer development is highly dependent upon 
Reynolds number, and this is 150 times smaller at model scale than at full scale), the nature of 
the wake behaviour may also vary from model to full scale experiments, as shown above. 
This effect remains to be investigated, although it was clear from the experiments that the 
model scale results duplicated the main features of the wake flow field. 
5.2.3.2 Far wake  
As seen in Figure 47, it was also found that low frequency oscillations at values of F of 
around 0.03 persisted downstream of the train (even at values of T = 20), which indicated the 
large scale structure of the far wake region. Baker (2001) found that this lower frequency 
oscillation is either associated with the mechanism of wake pumping, or with large-scale 
instability of the complete wake structure. 
5.3  Concluding remarks 
From the comparison of the rotating rig results with the results obtained from model (TRAIN 
rig) and full scale (DB tests) experiments carried out on ICE type trains, it can be concluded: 
1. Overall, the results obtained from the rotating rig measurements are in good agreement 
with the full scale measurements and reproduce all the important flow features. 
2. Not only the division of the airflow into a number of flow regions proposed in Baker, 
Dalley, et al. (2001) has been confirmed for this model test, but also the convex side 
results are remarkably similar to the experimental results obtained in the Moving Model 
Rig (Sterling, Baker et al., 2008), where a 1/25th scale ICE2 train was used. 
3. In the upstream/nose region: 
a) Whilst the nose velocity peak was found to be highly reproducible for model 
and full scale tests (Sterling, Baker et al., 2008), instead presented a relatively 
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high run to run variability in the rotating rig results due to the measuring 
technique and the ongoing ambient flow altering the position of the nose peak.  
4. In the boundary layer region: 
a) The peak velocity for full scale measurements was found in the near wake 
region (Sterling, Baker et al., 2008), whilst it was found in the boundary layer 
region, in between the last two carriages, for the rotating rig measurements and 
in the nose region for the TRAIN rig measurements (Sterling, Baker et al., 
2008). However, for measurements taken on the inner side of the train, the peak 
velocity was found in the nose region, responding to the effect of the curvature 
of the train.  
b) Both model scale results (rotating rig and TRAIN rig) showed a substantial 
boundary layer growth (as indicated by the displacement thickness curve in 
Figure 46), in comparison to the full scale data results, corresponding to the very 
developing nature of the flow (which translates into continuously increasing 
velocities in the boundary layer region) in this region at model scale. This 
suggest a rather different boundary layer development at model scale than at full 
scale, probably due to Reynolds number effects (being the Reynolds number at 
model scale 150 times smaller than at full scale), as mentioned in Sterling, 
Baker et al. (2008). 
5. In the near wake region: 
a) The rotating rail results show a difference in wake structure before and after a 
distance of 10 vehicle heights downstream the vehicle trailing edge. This 
confirms the near wake and far wake regions division described by Baker (2001) 
for other model scale vehicles. 
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b) For model scale tests (both the rotating rig and the TRAIN rig), the wavelet 
investigation of the turbulence scales in this region suggests a peak at a Strouhal 
number of around 0.5-1 at train mid height, taken to be due to shear layer 
instability. However for full scale measurements, the peak is found at Strouhal 
numbers of 0.1-0.15, being dominant close to the ground. It may be that the 
unsteady helical vortex of the train near wake is more important close to the 
ground, and other types of unsteadiness higher up the vehicle. This indicates the 
complexity of the wake flow. 
c) The near wake velocity peak is found to be an intermittent structure in all types 
of model and full scale tests. 
6. In the far wake region: 
a) The rotating rig results also showed, as was the case of the TRAIN results, low 
frequency oscillations at Strouhal numbers of around 0.03 that persisted 
downstream of the train, which indicates the large scale structure of the far wake 
region. This is associated (Baker, 2001) with the mechanism of wake pumping 
or with large-scale instability of the complete wake structure. 
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CHAPTER 6 
6. COMPARISON OF RESULTS WITH CFD DATA 
The main source of CFD (Computational Fluid Dynamics) data on the flow around passenger 
trains comes from Hemida et al. (2010), where a LES (Large-Eddy Simulation) was carried 
out to study the transient behaviour of the slipstreams around the rotating model. This paper is 
shown in full in the Appendices. The ICEM-CFD package was used to create the model 
geometry and mesh around it. As mentioned in Section 2.4, the LES is computationally more 
expensive than the Reynolds Average Navier-Stokes (RANS) simulations, but it gives 
information about the instantaneous flow, which is not possible for RANS. However, Hemida 
et al. (2010) also investigated the reliability of using the RANS model to predict the 
slipstream velocity, and performed a RANS simulation using the SST-KOmega model at the 
same Reynolds number as the LES simulation (77000, based on the train height 0.07 m and 
speed 16.5 m/s). 
6.1  Slipstream velocities comparison 
Figure 48 shows the slipstream velocity results, given in terms of the tangential component, 
for the experimental, LES and RANS results at train mid height and 0.25 m from the model 
side. Note that the time base was normalised by dividing by L/V, where L is the reference 
vehicle length and V is the vehicle speed, so that a normalised time, t, of 0 corresponded to 
the vehicle front passing the instrument rake, and a normalised time of 4 indicated the passing 
of the final vehicle. The LES results were obtained for both the inner and outer surfaces of the 
train and once more, as shown in Section 4.5, the difference in velocity distribution due to the 
rotation of the train was apparent, with significantly lower velocities for the concave (inner) 
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side of the train than for its convex counterpart. Both the LES and RANS results 
underestimated the nose peak, which is probably related to the alignment of the Cobra probe, 
as mentioned in Section 3.5. Furthermore, the LES and RANS results showed a region of 
negative velocity, indicating separation of the flow close to the nose area. The experimental 
results did not show this separated flow region as the probe was not able to measure the 
reversed flow. However, the LES and RANS results were consistent with experiments carried 
out by Muld, Efraimsson et al. (2009), which also showed this separated flow region close to 
the nose of the train (PIV measurements carried out on a straight Aerodynamic Train Model 
consisting of four cars).  
Generally, the LES results reasonably agreed with the experimental data. However, the RANS 
simulation overestimated the slipstream velocities. 
 
Figure 48. Slipstream velocities results comparison for experimental measurements, LES and RANS 
simulations of a 1/50th scale ICE2 train model in a rotating rig. Experimental measurements taken at 
y=0.25m from the model outer side and train mid height. CFD measurements taken at train mid height 
and y = 0.25 m from the model side. Re = 77000. (Hemida et al., 2010) 
6.2  Boundary Layer and wake 
The CFD results of Hemida et al. (2010) showed a clear influence of the inter-carriage gaps 
on the boundary layer displacement thickness that was not apparent in the rotating rail results. 
As can be seen in Figure 49, the normalised displacement thickness (the height of the train is 
Measurement and Analysis of Slipstreams for Passenger Trains                            N. Del Valle 
104 
used to normalise the displacement thickness), based on both the total velocity magnitude and 
the lateral component, was reduced before the inter-carriage gap and increased behind it. This 
jump in the displacement thickness was not appreciable at model or in the full scale tests, as 
seen in Figure 46 in Section 5.2. 
 
Figure 49. Normalised displacement thickness at half train height on the outer side. Re = 77000 (Hemida 
et al., 2010) 
Hemida et al. (2010) also looked at the boundary layer thickness given as the distance from 
the surface of the train to the place in the slipstream where the velocity of the flow drops to 
95% of the speed of the train, see Figure 50.  
 
Figure 50. Plane at train mid height colored by the relative tangential velocity, showing the boundary 
layer thickness. Re = 77000 (Hemida et al., 2010) 
By doing so, they found that the boundary layer grew along the train length with a thickness 
equal to about twice the height of the train near its tail. They also found that the outer part of 
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the slipstream was dominated by large vortex structures, which grew in size along the train 
length and extended a long distance in the far wake flow behind the train, which corroborates 
the findings of Section 5.2.3, for the train wake. In a similar manner, Muld (2010) carried out 
a Detached Eddy Simulation (DES, a hybrid LES/RANS model) on an ATM geometry 
(Aerodynamic Train Model) to study the flow structure in the train wake. It was found that 
the main flow topology consisted of two counter rotating vortices oscillating at a Strouhal 
number of 0.15. As mentioned in Section 2.2.1, Schulte-Werning et al. (2003) used 
conventional unsteady RANS CFD techniques to study the forces on the tail cars of high 
speed trains and identified a steady near wake oscillation with the shedding of longitudinal 
vorticity from low levels in the rear of the train (see Figure 9, Section 2.2). A well defined 
oscillation was found at a Strouhal number of 0.14, similar to the 0.11 value found by 
Sterling, Baker et al. (2008) for full scale tests of a 14 carriage ICE1 service train. It thus 
seems that the helical vortices in the train near wake undergo some sort of regular oscillation 
with a Strouhal number of around 0.11 to 0.15. As mentioned in Section 5.2, for model scale 
tests, the wavelet investigation of the turbulence scales in the near wake region suggested a 
peak at a Strouhal number around 0.5-1 (taken to be due to shear layer instability). As the 
model measurements were made higher up the train than the full scale measurements, it may 
be that the unsteady helical vortex motion is more important close to the ground, and other 
types of unsteadiness higher up the vehicle. Further work is required in this area. 
6.3  Surface Pressure 
In the present rotating rail experiments the set up of the probe support (see Figure 20 in 
Section 3.3) made it impossible to carry out measurements beyond z/H = 0.2 (H is the 
reference vehicle height). However, the CFD simulations of Hemida et al. (2010) allowed 
measurements to be carried out all around the train, even on its bottom surface. Thus the 
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authors were able to shed some light on the effect of the supporting cylinders (the bolts that 
attached the train to the rail) on the surface pressure distribution. Figure 51 shows the pressure 
distribution expressed in terms of the local pressure coefficient (Equation 5 in Section 4.6) for 
the top and bottom faces of the train at its centre line. 
 
Figure 51. Surface pressure coefficient on top and bottom faces of the train at its centre line. (Hemida et 
al. 2010) 
It was found that the influence of the inter-carriage gaps was not as significant as that of the 
supporting cylinders. The influence of the supporting cylinders was still visible at 
measurements of z/H = 0.1 and at a distance of 0.1H from the outer surface of the train, as 
seen in Figure 52. This figure shows the time averaged values of the pressure coefficient for 
measurements carried out at 0.1H from the model outer side and at different train heights. It 
was found that there was no significant change in the value of Cp along the train height. 
However, the influence of the supporting cylinders and inter-carriage gaps was visible close 
to the platform.  
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Figure 52. Pressure coefficient  at 0.1H from the model outer side and at different heights. (Hemida et al. 
2010) 
The rotating rail results did not show such a strong influence of the supporting cylinders, even 
for measurements close to the platform, as the rig set up introduced brushes that closed the 
gap between the train and the platform edge (which were not included in the CFD simulation). 
Thus the Cp distribution results of the rotating rail tests mainly showed the effects of the 
inter-carriage gaps. As mentioned in Section 4.6, for measurements carried out at 0.07H (y 
= 0.25 m) from the model outer side, the effect of the gaps was stronger close to the roof of 
the train (see Figure 38(a)) than close to the platform.  
6.4  Concluding remarks 
From the comparison of the CFD data on the flow around the rotating model and the rotating 
rig results it is possible to conclude: 
1. Generally the LES and RANS results reasonably agreed with the experimental data. 
Results also showed the different flow regions proposed in Baker, Dalley et al. (2001) 
and showed the impact of the curvature of the rig on the velocities, with lower 
slipstream velocities on the inner concave side of the train than on its convex 
counterpart.  
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2. The LES and RANS results showed a separation flow close to the nose area that was 
not appreciable in the experimental data, but were consistent however with PIV 
measurements carried out on an ATM (Muld, Efraimsoson et al., 2009). 
3. Differently to the rotating rig results, the CFD results showed a clear influence of the 
inter-carriage gaps on the boundary layer displacement thickness. 
4. Similarly to the rotating rig results, the CFD simulations showed a thicker boundary 
layer development on the convex side of the train than on the concave side.  
5. The outer part of the slipstream was found to be dominated by large vortex structures, 
which grew in size along the train length and extended a long distance in the far wake 
flow behind the train, which corroborates the findings of Section 5.2.3 for the train 
wake. 
6. Different types of CFD simulations confirmed the existence of a near wake oscillation 
at Strouhal numbers of around 0.11 to 0.15, close to the ground, which was also found 
at full scale tests. 
7. The CFD simulations allowed carrying out measurements all around the train (which 
was not possible at model scale given the configuration of the rig) and it was found 
that the influence of the under-body of the train on the pressure distribution was higher 
than that of the inter-carriage gaps, especially close to the ground. 
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CHAPTER 7 
7. CONCLUSIONS AND FURTHER WORK 
From the results presented in the preceding sections, the following main conclusions can be 
drawn: 
1. The division of the airflow into a number of flow regions proposed in Baker, Dalley et al 
(2001) has been confirmed for this model test. However, the curvature that the rig 
introduces has a large impact on the inner concave side results, with much lower 
velocities and lasting less than its convex counterpart. Nevertheless, the convex side 
results are remarkably similar to the experimental results obtained in the Moving Model 
Rig (Sterling, Baker et al. 2008), where a 1/25th scale ICE2 train was used. 
2. In the upstream/nose region: 
a) The rotating rig results for the nose region should be handled with care, as the low 
level of data acceptance rate in this area (due to the measuring technique) meant that 
velocities were being rejected all around the nose peak. Furthermore, the ongoing 
ambient flow due to the movement of both the train and the wheel altered the position 
of the nose peak.  Therefore the nose velocity peak presented a relatively high run to 
run variability. 
b) The LES and RANS results carried out by Hemida et al. (2010) showed a separation 
flow close to the nose area that was not appreciable in the experimental data, but were 
consistent however with PIV measurements carried out on an ATM (Muld, 
Efraimsoson et al., 2009). 
 
 
Measurement and Analysis of Slipstreams for Passenger Trains                            N. Del Valle 
110 
3. In the boundary layer region: 
a) The main difference between the inner concave side of the train and the outer convex 
side of the train is that again, due to the curvature of the rig, velocities for the inner 
side are much smaller than for the outer side (also found in the CFD simulations 
carried out by Hemida et al. (2010)). This also translates in much lower values of the 
displacement thickness and in insignificant values of turbulence intensities.  
b) Velocities on the outer side of the train seem to increase towards the top of the train 
and when measuring close to the platform. Higher values are found in the inter 
carriage gaps. 
c) Velocities on the roof of the train are smaller than those of the outer side and seem to 
be higher at the train corners. This is due to higher levels of turbulence in the top 
corner of the train as seen in the turbulence intensity contour plots (Figure 34). 
d) The peak velocity for the full scale measurements was found in the near wake region 
(Sterling, Baker et al., 2008), whilst it was found in the boundary layer region, in 
between the last two carriages, for the rotating rig measurements and in the nose 
region for the TRAIN rig measurements (Sterling, Baker et al., 2008). It is worth 
noting that for measurements taken on the inner side of the train, the boundary layer 
velocities were much lower than for the outer side results, and the peak velocity was 
found in the nose region, responding to the effect of the curvature of the train. 
e) Both model scale results (from the rotating rig and TRAIN rig) show a substantial 
boundary layer growth (as indicated by the displacement thickness curve in Figure 
46), in comparison to the full scale data results, corresponding to the very developing 
nature of the flow in this region at model scale (which translates into continuously 
increasing velocities in this region). This suggests a rather different boundary layer 
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development at model scale than at full scale, probably due to Reynolds number 
effects, as mentioned in Sterling, Baker et al. (2008). 
f) As was seen in the TRAIN rig experimental results (Baker, Dalley et al. 2001), the 
side of the train (in this case, the outer side) shows a more rapid boundary layer 
growth than the train roof. 
g) Turbulence intensities for the roof of the train show higher values for the 1st carriage 
and then decrease considerably.  
h) Turbulence intensities for the outer side of the train show higher values again in the 
inter-carriage gaps.  
i) Wavelet analysis of the individual runs at different heights along the train outer side 
show how the small scale turbulence in the boundary layer is firstly located on the top 
right corner of the train for the first carriage and then moves down to train mid height 
when reaching the fourth carriage. 
4. In the near wake region: 
a) The rotating rail results show a difference in wake structure before and after a distance 
of 10 vehicle heights downstream the vehicle trailing edge. This confirms the near 
wake and far wake regions division described in Baker (2001). 
b) Full scale measurements (experimental and CFD) corroborate the existence of helical 
vortices in the train near wake. These vortices undergo some sort of regular oscillation 
with the major unsteadiness at Strouhal numbers of 0.1-0.15 being dominant close to 
the ground. However, for model scale tests (for both the rotating rig and the TRAIN 
rig) , the wavelet investigation of the turbulence scales in the near wake region 
suggests a peak at a Strouhal number of around 0.5-1, taken to be due to shear layer 
instability. As the model measurements were made higher up the train than the full 
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scale measurements, it may be that the unsteady helical vortex motion is more 
important close to the ground, and other types of unsteadiness higher up the vehicle. 
This indicates the complexity of the wake flow.  
c) The near wake slipstream velocity peak mentioned in Sterling, Baker et al. (2001) is 
also present in the ensemble average velocity results all along the side and roof of the 
train. 
d)  As in previous full scale and model scale tests (Sterling, Baker et al. 2001), it is found 
that this peak is an intermittent structure which puts in doubt the use of the ensemble 
averaging technique in this region. 
5. In the far wake region: 
a)  It is also found, as for the TRAIN results, that low frequency oscillations at Strouhal 
numbers of around 0.03 persist downstream of the train, which indicates the large 
scale structure of the far wake region. CFD results also showed the existence of this 
lower frequency oscillation. Baker (2001) found that this oscillation is either 
associated with the mechanism of wake pumping, or with large-scale instability of the 
complete wake structure.  
6. The model scale results duplicate the main features of the wake flow field. Given the 
height of the train and the train-wheel speed, the flow structures in the wake of the 
rotating train are not as apparent as those found for full scale tests or at model scale in the 
TRAIN rig (i.e. vortices found in the rotating rig do not show defined streamwise cores of 
concentrated vorticity). However, the near wake flow results show a velocity peak of 
intermittent nature, as found for both model and full scale tests. Furthermore, shear layer 
instability is also present in the near wake region with major unsteadiness at Strouhal 
numbers of around 0.5-1 at train mid height (as seen in the wavelet power spectrum of the 
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results). Although at full scale tests this unsteadiness is found at St of 0.1-0.15 and closer 
to the ground, this only shows the complexity of the wake structure, and might reflect as 
well the Reynolds number effect on the boundary layer development, and later separation, 
at model and full scale tests. In terms of the far wake region, the wavelet analysis results, 
similarly to previous full scale and model scale tests, also show a low frequency 
oscillation at a Strouhal number of 0.03 indicating the large-scale instability of the 
complete wake structure. 
7. The effect of each inter-carriage gap on the pressure distribution could be identified as a 
series of spikes in the ensemble-average pressure coefficient time histories (see figures 38 
and 39). For outer side measurements the effect of the gaps was stronger close to the roof 
of the train, whilst for the inner side measurements the effect was stronger close to the 
platform. For roof measurements only the effect of the first inter-carriage gap was visible. 
The CFD simulations of Hemida et al. (2010) showed that the influence of the under-body 
of the train on the pressure distribution was higher than that of the inter-carriage gaps, 
especially close to the ground. 
8. As seen in previous studies (Baker, Dalley et al., 2001; Sterling, Baker et al., 2008) the 
effect of model speed on the experimental results is small if the results are properly 
normalized. 
9. The rig provided 80 laps at quite a short period of time (below 1min for wheel speeds of 
16.5m/s), showing again the great advantage of the rig against conventional methods. 
10. There is however the issue of an actual wind offset of around 0.08 of the wheel velocity 
that seems to be the result of an ongoing airflow produced both by the train and the 
movement of the wheel.  
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11. Another issue to be taken into account is the mismatch of the Reynolds number between 
model scale and full scale tests. The Reynolds number for the model scale tests of a 1/50th 
scale model of an idealised four carriage ICE2 train in the rotating rig is 0.58 x 106 (taking 
V = 16.5 m/s and L = 0.525 m) whilst for the full scale ICE1 service train used in the tests 
carried out by DB, the Reynolds number is 88.4 x 106 (taking V = 51 m/s and L = 26m).  
This considerable difference in Reynolds number is apparent in the results when 
comparing full scale and model scale data, as shown in Chapter 5. The boundary layer 
development is highly dependent upon Reynolds number, which in turn has an impact in 
the wake behaviour, since the near wake oscillations are determined to some degree by the 
nature of the separated boundary layer in the wake. To ensure that model scale results are 
representative of the full scale scenario, the difference in Reynolds number/scale should 
be minimised as much as possible. Following Schetz (2001), tests should not be 
conducted at much less than 1/10th scale, which in the case of the rotating rig implies 
using a train almost as long as the perimeter of the wheel and therefore invalid for the 
tests, so a bigger rig should be sought. CEN (2009) states that the Reynolds number has to 
be larger than 0.25 x 106 to ensure that values for normalised mean velocity values (over 
all measured velocity maxima) plus two standard deviations are  representative of full 
scale. In order to do so, the normalised mean velocity values plus two standard deviations 
should be demonstrated Reynolds number independent in the range 0.6 Remax to Remax 
within ± 3%. This requirement implicitly specifies the model scale. 
12. Overall, the results obtained from the rotating rig measurements are in good agreement 
with the full scale measurements and reproduce all the important flow features.  
These conclusions lead to the following suggestions for further work. 
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1. The need to understand further the effects on the results introduced by the curvature of the 
rig, makes it necessary to carry out a series of CFD calculations for larger track and model 
radii, including also the modelling of the straight track. The results for the different 
curvatures can then be compared, which should enable a judgement to be made 
concerning the minimum radius of such a rig that will enable the slipstream results 
obtained to be representative of the full scale situation and thus to make recommendations 
for the design of a larger more representative rig that retains the utility of being able to 
simulate many train passes rapidly whilst being more representative of reality. 
2. Probably a bigger rig will remove the wind offset present in this experiment, which affects 
both the measured velocities and the nose peak location.  
3. A bigger rig would be suitable for a bigger train, which would help to increase the 
Reynolds number of the tests, bringing it closer to that of the full scale scenario. 
Following Schetz (2001) a rig suitable for a model scale of at least 1/10th should be 
pursued. This would give a minimum Re = 2.88 x 106 (with V = 16.5 m/s).  
4. The use of CFD will also help to shed some light there where the experimental measuring 
apparatus (such as the probes for the present investigation) fails to provide information 
(i.e. flow separation close to the nose area and influence of the under-body on the pressure 
distribution). 
5. It might be useful also to develop a rotating rig in which higher velocities can be tested so 
that the probes can be working within their working range and not at their very bottom 
limit. This will help increase the probe's acceptance data percentage. 
6. Although increasing the speed, could bring again the issue of the ongoing airflow and 
different solutions should be sought to remove it. 
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7. In order to increase the acceptance data percentage in the nose area, different probe 
arrangements should be tried, i.e. at 45° - 90° to the direction of travel. However this 
would imply the use of different probes, with different alignments, so that the different 
flow regions can be adequately captured. Then data from the different probes should be 
brought together to create a single slipstream velocity figure. 
8. The boundary layer development is different at model scale than at full scale, due to 
Reynolds number effects. More work needs to be done in this area in order to assess the 
Reynolds number effects on boundary layer development. 
9. Although the rig results duplicate the main features of the wake flow field, the nature of 
the oscillations found in this region are determined to some degree by the nature of the 
separated boundary layer in the wake, and the boundary layer development is different at 
model scale than at full scale. Therefore, more work is needed in this area to understand 
better the effect of the boundary layer development in the wake behaviour.  
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APPENDICES 
 
Two papers are included in this section. 
1. Gil, N., Baker, C.J., Roberts, C., and Quinn, A. (2010). "Passenger train slipstream 
characterization using a rotating rail rig" Journal of Fluids Engineering. 132(6), 
061401. 
2. Hemida, H., Gil, N., and Baker, C.J. (2010). "LES of the slipstream of a rotaring train." 
Journal of Fluids Engineering. 132(5), 051103. 
 
The first paper, written by the author of this thesis, presents most of the model scale train 
slipstream results obtained with the rotating rail rig. These results have been included in 
Chapter 4 of the present document. 
The second paper details the Large Eddy Simulation of the slipstream of the model scale train 
of the current investigation. The role of the author of this thesis in this paper was to provide 
the rig test results that served as comparison for the LES results. Results from this paper have 
been used in Chapter 6. 
